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Preface

In May 1985, the National Aeronautics and Space Administration (NASA) and the Chinese
Aeronautical Establishment (CAE) held a symposium on structural analysis methods in Beijing,
China. During technical discussions and subsequent visits of NASA scientists to several CAE research
institutes, areas of mutual interest for technical cooperation were identified. A joint working group
meeting was held in late 1985 in Washington, D.C. Annex III to the Protocol on Cooperation in
Aeronautical Science and Technology between NASA of the United States of America and the CAE
of the People’s Republic of China was signed in February 1987. During 1986 and early 1987, a joint
technology plan on fatigue and fracture mechanics was established.

This report describes the findings of the Fatigue and Fracture Mechanics Cooperative Program.
The cooperative program was initiated, organized, directed, and completed by many members of
each research organization. Participants included

Function NASA CAE

Technical Representative S. L. Venneri C. G. Li
Coordinator J. C. Newman, Jr. X. R. Wu
Contributor M. H. Swain W. Zhao
Contributor E. P. Phillips C. F. Ding
Contributor P. W. Tan H. Y L
Contributor I. 8. Raju
Contributor K. N. Shivakumar

International Affairs L. Parker X. Y. Zhu

The cooperative program demonstrated that international cooperation among research organi-
zations can be fruitful. The program has also advanced the state of the art in fatigue and fracture
mechanics and has provided aerospace industries with useful data from experiments and with effi-
cient analysis methods for improving life prediction. These results should ultimately improve the
reliability and safety of aircraft structures.
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Nomenclature

a

P(z,y)

S o D

one-half surface- or total corner-crack depth, m

initial one-half material defect (or crack) depth, m

crack depth in slice model, m

specimen thickness, m

material defect (or void) height, m

surface-, corner-, or through-crack length, m

initial material defect (or crack) length, m

initial crack starter notch length, m

crack length in slice model, m

crack length plus hole radius, m

crack-growth rate in a-direction, m per cycle
crack-growth rate in c-direction, m per cycle

inclusion particle size in short direction, m

inclusion particle size in transverse direction, m

Young’s modulus, MPa

elastic modulus for spring slices, MPa

boundary correction stress intensity factor for corner crack with clad correction
boundary correction stress intensity factor (j = ¢, s, or t)
clad correction on stress intensity factor

fitting functions for boundary-correction factor

one-half specimen height, m
stress intensity factor, MPa-m!/2

stress intensity factor for partially loaded edge crack, MPa-m!/2

stress intensity factor for edge crack, MPa-m!/2

crack opening stress intensity factor, MPa-m!/2

stress concentration factor

spring stiffness in slice model (i = a or ¢), N/m

total depth of surface (2a) or corner crack (a) along notch, m
clad-layer thickness, m

cycles

cycles to failure

weight-function spring forces, N

shape factor for surface or corner crack

S. .
stress ratio ( mm)

Sma.x

restraining areas in slice model (i = a or c), m?
ix
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r semicircular notch radius, m

S applied gross stress, MPa

Smax maximum applied gross stress, MPa

Sif mean flight stress in Mini-TWIST spectrum, MPa
Smin minimum applied gross stress, MPa

s, crack-opening stress, MPa

S, T,L short, transverse, and longitudinal directions, figure 5
Ty,T2, T3 transition points in AK-rate relation
t one-half or full specimen thickness, m

t; distance from sheet centerline to crack initiation site, m
u,v displacement in z- and y-directions, respectively, m
W; weight function in slice model (i = a or c), m~1/2

w one-half specimen width or full specimen width, m
Wp width of crack-tip element, m

T,Y,2 Cartesian coordinates

o constraint factor

Br crack-closure factor ratio

AK stress intensity ‘actor range, MPa-m!/2

AK. g effective stress intensity factor range, MPa-m!/2

(AKeg)tn effective threshold stress intensity factor range, MPa-m!/2

AKp large-crack threshold stress intensity factor range, MPa-m!/2

AN interval between plastic replicas, cycles

AS applied stress range (Smax — Smin), MPa
length of tensile plastic zone, m

o uniform stress, MPa

Oo flow stress (average between oys and oy), MPa

Oy ultimate tensile strength, MPa

Tys yield stress (0.2-percent offset), MPa

Oyy normal stress in y-direction, MPa

@ parametric angle of ellipse, rad

w length of cyclic plastic zone, m

Subscripts:

c corner crack at notch

s surface crack at notch

t through crack at notch



Abbreviations:

ASTM
BFM
BIAM
CAE
CCT
DOF
EDI
EDM
FEM
LaRC
LEFM
NASA
PRC
SEM
SENT
S-N
2D

D

Us
VCCT
WFM

American Society for Testing and Materials
boundary force method

Beijing Institute of Aeronautical Materials
Chinese Aeronautical Establishment
center-crack tension

degree of freedom

equivalent domain integral

electrical discharge machining
finite-clement method

Langley Research Center

linear-elastic fracture mechanics

National Aeronautics and Space Administration
People’s Republic of China

scanning electron microscope
single-edge-notch tension

material stress-cyclic life relation

two dimensional

three dimensional

United States

virtual crack closure technique

weight-function method

xi






Summary

From 1987 to 1992 the National Aeronautics and
Space Administration and the Chinese Aeronautical
Establishment participated in a Fatigue and Fracture
Mechanics Cooperative Program, the first coopera-
tive exchange between the scientific organizations of
the two countries. The program objectives were to
study crack initiation and the growth of small cracks
in two high-strength aluminum alloys, to compare
test and analysis results from each laboratory, and
to evaluate an existing analytical model to predict
the growth of such cracks. Experimental and ana-
lytical studies were conducted on various aspects of
fatigue crack growth of small and large cracks.

In the experimental program, three types of tests =

were conducted: fatigue tests on single-edge-notch
tension (SENT) specimens, small-crack tests on the
SENT specimens, and large-crack tests on center-

crack tension (CCT) specimens. The initiation and

growth of small fatigue cracks (10 um to 2 mm long)
from the edge of a semicircular notch in 7075-T6
and LC9cs aluminum alloy sheets were monitored for
various load histories by means of a plastic replica
method. In both alloys, small cracks were initiated as
naturally occurring from material defects or cladding.

In the 7075-T6 bare alloy, cracks initiated from

inclusion particles or voids on the notch surface and _

generally grew as surface cracks. Cracks in the
LCY9cs clad alloy, however, initiated at slip bands
in the cladding layer and grew as corner cracks.
Tests were conducted for both constant-amplitude
(stress ratios of R = —1, 0, and 0.5) and spectrum

(Mini-TWIST) loading conditions at two or three

stress levels each. The replica method was found to
affect fatigue life and apparently small-crack-growth
rates of the 7075-T6 alloy, but the method did not

appear to affect fatigue lives for the LCO9cs clad

alloy. Data on large-crack growth (cracks greater
than 2 mm long) were obtained for a wide range in
rates (1078 to 107! mm per cycle) for all constant-
amplitude loading conditions. Data on large-crack
growth for the Mini-TWIST loading sequence were
also obtained on the same materials.

The experimental results from the participants in
the cooperative program showed good agreement on
small- and large-crack-growth rates and on fatigue
lives. The small cracks exhibited the classical “small-
crack” effect because they grew faster than large
cracks for the same stress intensity factor range.
They also grew at stress intensity factor ranges that
were lower than the thresholds obtained from large-
crack tests for constant-amplitude loading. During
small-crack tests at the higher stress levels, multiple

cracks initiated along the bore of the motch. At
the lower stress levels, particularly those near the
fatigue limit, the tests produced only a few cracks
along the bore. The small-crack data showed a larger
amount of scatter than observed in large-crack data
due to crack-grain boundary interactions and crack
interactions with neighboring cracks. Noninteraction
criteria were used to eliminate data where cracks
interacted. This approach greatly reduced the scatter
in the stress intensity factor against crack-growth
rate data. Results from the study showed that
fatigue life, even near the fatigue limit, was mostly
crack propagation from a material defect or from the
cladding layer.

In the analysis program, three-dimensional finite-
element and weight-function methods were used to
determine stress intensity factors for a surface crack
and a corner crack at the notch in the SENT speci-
men. In general, the two analysis methods gave very
similar results for a wide range of crack shapes and
sizes. Stress intensity factor equations were devel-
oped for a wide range of crack configuration param-
eters. These equations were used in the small-crack
data correlations and in life predictions. An indi-
rect boundary element method and an experimental
technique were used to obtain stress intensity fac-
tors and equations for a through crack in the SENT
specimens tested in remote, fixed-grip (displacement)

" conditions.

A crack-growth model that incorporated crack-
closure effects was used to analyze the growth of
small cracks along the bore of the notch. Small cracks
were assumed to initiate either at inclusion-particle
defects (surface crack) or in the cladding layer (corner
crack). In the 7075-T6 alloy, the initial defect size
was consistent with observations of initiation sites
at inclusion-particle clusters or voids. In the LC9cs
clad alloy, an initial defect slightly larger than the
clad-layer thickness was used. For both materials,
the effective stress intensity factor against crack-
growth rate relations was different in the crack-depth
(through the sheet thickness) and crack-length (sheet
width) directions. At high crack-growth rates and,
especially for the Mini-TWIST loading sequence, a
variable-constraint method was used to correlate and
predict crack growth. Reasonable agreement was
found between measured and predicted small- and
large-crack-growth rates, surface- and corner-crack
shapes, and fatigue lives for most loading conditions.
For loading at a high stress ratio (R = 0.5), the model
predicted slightly faster rates than those measured
experimentally. This particular loading condition
involved a local notch root that yielded while in
tension, a condition approximated in the model. The



closure model did confirm the experimental findings
that the small-crack effect was more pronounced
in those tests involving compressive loads, such as
constant-amplitude loading at a negative stress ratio

(R=-1).

The cooperative program demonstrated that in-
ternational cooperation among research organiza-
tions can be fruitful. The program also has advanced
the state of the art in fatigue and fracture mechan-
ics and has provided aerospace industries with use-
ful data from experiments and with efficient analysis
methods for improving life prediction. These results
should ultimately improve the reliability and safety
of aircraft structures.

1. Introduction

Linear-elastic fracture mechanics methods are
widely accepted for damage tolerance analyses. The
trend has also been toward the use of the same
methodology for fatigue durability analyses. To
obtain acceptably large lives without a significant
weight penalty, durability analyses must assume
very small initial cracks. Numerous investigators
(refs. 1-20) have observed that the growth charac-
teristics of small fatigue cracks in plates and at
notches differ from those of large cracks in the same
material. These studies have concentrated on the
growth of small cracks 10 ym to 1 mm long. On the
basis of linear-elastic fracture mechanics {(LEFM),
small cracks grew much faster than predicted from
large-crack data. This behavior is illustrated in fig-
ure 1, where the crack-growth rate is plotted against
the lincar-elastic stress intensity factor range AK.
The solid (sigmoidal) curve shows typical results

- for a given material and environment for constant-

amplitude loading. The solid curve is usually ob-
tained from tests with large cracks. At low growth
rates, the threshold stress intensity factor range
AKyy, is usually obtained from load-reduction (AK-
decreasing) tests. Typical experimental results for
small cracks in plates and at notches are shown by the
dashed curves. These results show that small cracks
grow at AK levels below the large-crack threshold
and that they also can grow faster than large cracks
at the same AK level above threshold. Small-crack
effects have been shown to be more prevalent in tests
with compressive loads and negative stress ratios.
(See refs. 19 and 20.) -

During the last decade, research on the small- or
short-crack effect has concentrated on three possible
explanations for the behavior of such cracks: plas-
ticity effects, metallurgical effects, and crack closure.
All of these features contribute to a breakdown of

2

R = constant

S1 < 82 < 53
Small crack
from hole _ S3 , Large crack
il from hole
do  do
dN dN | Small cracks Large crack

Large crack
(AK—decreasing test)

Steady state

Ay

/ )
St

AK

Figure 1. Typical fatigue crack-growth rate data for small and
large cracks under constant-amplitude loading.

LEFM and to the use of the AK concept to corre-
late fatigue crack-growth rates.

Some of the earliest small-crack experiments
(refs. 1-4) were conducted at high stress levels that
were expected to invalidate LEFM procedures. Non-
linear or elastic-plastic fracture mechanics concepts,
such as the J integral and an empirical length pa-
rameter (refs. 3 and 4), were developed to explain
the observed small-crack effects. Recent research
on the cyclic Dugdale model and the use of AJ
(cyclic J integral) as a crack-driving parameter sug-
gest that plasticity effects are small for many of the
early and more recent small-crack experiments. (See
ref. 21.) However, the effect of plasticity on small-
crack growth and on the appropriate crack-driving
parameter is still being debated.

Small cracks generally initiate in metallic ma-
terials at inclusion particles or voids, in regions of
intense slip, or at weak interfaces and grains. In
these cases, metallurgical similitude (refs. 10, 16,
and 17) breaks down-—that is, the growth rate is no
longer an average over many grains. Thus, the local
growth behavior is controlled by metallurgical fea-
tures. (Scerefs. 6 and 12.) If the material is markedly
anisotropic (differences in modulus and yield stress in
different crystallographic directions), the local grain
orientation will strongly affect the rate of growth.
Crack-front irregularities and small particles or inclu-
sions do affect the local stresses and, therefore, crack
growth. For large cracks (with large fronts), all these
metallurgical effects are averaged over many grains,
except in very coarse-grained materials. Researchers




in linear elastic and nonlinear fracture mechanics are
only beginning to explore how metallurgical features
affect stress intensity factors, strain-energy densities,
J integrals, and other crack-driving parameters.

Very early in small-crack research, fatigue crack
closure (ref. 22) was recognized as a possible expla-
nation for rapid small-crack growth. (See refs. 5-11
and 23.) Fatigue crack closure is caused by residual
plastic deformations left in the wake of an advancing
crack. Only that portion of the load cycle for which
the crack is fully open is used to compute an effec-
tive stress intensity factor range AKeg from LEFM
solutions. A small crack that initiates at an inclu-
sion particle, a void, or a weak grain does not have
the prior plastic history to develop closure. Thus, a
small crack may not be closed for as much of the load-
ing cycle as a larger crack. If a small crack is fully
open, the stress intensity factor range is fully effec-
tive and the growth rate will be greater than that
for steady-state crack growth. (A steady-state crack
is one in which the residual plastic deformations and
crack closure along the crack surfaces are fully de-
veloped.) In contrast, the development of the large-
crack threshold, as illustrated in figure 1, has been
associated with a rise in crack closure as the load
is reduced. (See ref. 24.) Thus, steady-state crack-

growth behavior may be between the small-crack and

near-threshold large-crack behavior, as illustrated by
the dotted curve. The results from this study suggest
this possibility.

As the crack size approaches zero, a crack size
must exist below which the assumaptions of contin-
wum mechanics and the AK concept are violated
because of microstructural features. However, the
transition from valid to invalid conditions does not
occur abruptly. For many engineering applications,
a AK-based analysis that extends into the “gray
area” of validity may still prove useful. Certainly for
structural designers, a single analysis methodology
that applies to all crack sizes is desirable, as demon-
strated in a total-life analysis in reference 25. If for
no other reason than that AK analyses are already
being used for large-crack problems, the application
of a AK analysis to small-crack problems should be
thoroughly explored. The approach in this report is
to apply both continuum mechanics and AKg con-
cepts to small- and large-crack growth.

2. Cooperative Program Overview

In May 1985, the United States (US) National
Aeronautics and Space Administration (NASA) and
the People’s Republic of China (PRC) Chinese Aero-
nautical Establishment (CAE) held a symposium on

structural analysis methods in Beijing, China. Dur-
ing technical discussions between NASA and CAE
scientists, several research areas of mutual interest
were identified for technical cooperation. Small-crack
growth and the breakdown of linear-elastic fracture
mechanics concepts particularly were identified as
important problems to the aircraft industries of both
nations. The CAE had recently developed a simple
weight-function method (WFM) for analyzing cracks
in two-dimensional (2D) crack configurations. Also,
a new three-dimensional (3D) WFM had emerged for
analyzing surface and corner cracks at stress concen-
trations. These new approaches offered an excellent
basis for comparison with existing methods and so-
lutions that NASA had developed using the finite-
clement method (FEM). In addition, NASA had re-
cently improved a life-prediction method based on
the crack-closure concept. These new developments
offered an opportunity to develop a research plan be-

- tween the two organizations.

A joint technology plan on fatigue and fracture
mechanics was established during late 1986 and early
1987. Scientists in the cooperative program were to
study small-crack growth, to develop a link between
classical stress-cyclic life (S-N) fatigue behavior and
modern damage-tolerance methodologies, to bridge
durability and damage tolerance analyses, to improve
life-prediction capabilities by developing more accu-
rate stress intensity factor solutions for small cracks,
and to evaluate an existing analytical model to pre-
dict the growth of such cracks. Exchange of materi-
als and analysis methods began in early 1987. Three
joint meetings were held between NASA and CAE
for data exchanges and in-depth discussions. Meet-
ings were held at the Beijing Institute of Aeronauti-
cal Materials (BIAM) in Beijing, China, in 1987 and
1992 and at the Langley Research Center (LaRC) in
Hampton, Virginia, in 1989.

The cooperative program brought together fa-
tigue and fracture mechanics researchers to study
the small-crack effects in high-strength aluminum al-
loys of interest to each country. The program ob-
jectives were to identify and characterize through
experiments and analyses the initiation and growth
of small cracks (10 pym to 2 mm long) in common
US and PRC aluminum alloys, to improve fracture
mechanics analyses of surface- and corner-crack con-
figurations, and to develop improved life-prediction
methods to correlate and predict the growth of small
and large cracks for constant-amplitude and aircraft
spectrum loading.

To achieve the objectives of the cooperative pro-
gram, experiments and analyses were conducted
in each laboratory on two high-strength aluminum

3



alloys, 7075-T6 bare and LC9cs clad sheet. Three
types of tests were conducted: fatigue tests on single-
edge-notch tension (SENT) specimens, small-crack
tests on the SENT specimens, and large-crack tests
on CCT specimens. The initiation and growth of
small fatigue cracks (10 pum to 2 mm long) at the
semicircular notch were monitored based on the
plastic-replica method. Tests were conducted at sev-
eral constant-amplitude (R = —1, 0, and 0.5) and
spectrum (Mini-TWIST) loading conditions at two
or three stress levels each. Large-crack-growth rates
(cracks greater than 2 mm long) were obtained for
a wide range in rates (1078 to 10~! mm per cycle)
for all constant-amplitude loading conditions. Rates
of large-crack growth from the Mini-TWIST loading
sequence were also obtained for the same alloys.

The small-crack specimen was selected to produce
naturally occurring cracks at material defects or dis-
continuities and to propagate cracks through a stress
field similar to that in aircraft structures. A SENT
specimen was used. (See fig. 2.) The notch was semi-
circular, had a radius 7 of 3.2 mm, and a width w of
50 mm. The stress concentration factor was 3.15,
based on gross section stress. (See ref. 26.) Figure 3
shows the normal stress distribution near the notch
root for the SENT specimen (solid curve). For com-
parison, the normal stress distribution for a circular
hole in an infinite plate is shown as the dashed curve.
The normal stress distribution for the SENT speci-
men is similar to that for an open hole in an infinite
plate, but the stresscs are slightly higher because of
the finite width. Thus, the SENT specimen simu-
lates a hole in an aircraft structure. Use of a side
notch rather than a hole allows the notch root to be
observed with a microscope and plastic replicas to
be taken with ease during tests. A typical test stand
with the SENT specimen and the guide plates that
were used for compressive loading tests is shown in
figure 4.

The three-dimensional FEM and the WFM were
used to determine stress intensity factors for surface
and corner cracks at the notch in the SENT speci-
men. The results from these two methods were then
compared for a range of crack-configuration parame-
ters. A brief description of the FEM and the WFM is
presented in appendixes A and B, respectively. Two-
dimensional weight-function analyses were used to
develop weight functions for use in the 3D WFM.
These analyses are discussed in appendix C. An in-
direct boundary element method, referred to as the
boundary force method (BFM), was also used to ob-
tain stress intensity factors for a through crack in
the SENT specimen for either uniform remote stress
or displacement boundary conditions. Numerical re-
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Figure 2. Single-edge-notch tension (SENT) fatigue specimen.
All dimensions are in millimeters.
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Figure 3. Normal stress distributions for SENT specimen and
open circular hole in infinite plate for remote stress.

sults from the BFM and stress intensity factors deter-
mined from an experimental technique are also given
in appendix C. Stress intensity factor equations based
on the results from these analyses were developed for
a range of crack-configuration parameters; they are
presented in appendix D. These equations were used
in the small-crack data correlations and in the life
predictions.

A crack-growth model that incorporates crack-
closure effects was used to analyze the growth of
small cracks along the bore of the notch and of
large cracks away from the notch. Small cracks were
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Figure 4. Typical test stand with SENT specimen and guide plates for compressive load tests. All dimensions are in millimeters.

assumed to initiate at either inclusion-particle de-
fects (surface cracks) or in the cladding layer (cor-
ner cracks). Comparisons were made between ex-
perimental and predicted surface- and corner-crack
shape changes, small-crack-growth rates, large-crack
growth, and total fatigue life for constant-amplitude
and spectrum loading.

3. Test Program

Three types of fatigue tests were conducted.

for both constant-amplitude and spectrum loading.
Standard fatigue tests on SENT specimens were con-
ducted to determine the S-N curves for the two al-
loys, especially near the endurance limit. Fatigue
tests were also conducted on LC9cs alloy without
the cladding layer. The primary experiments in the
cooperative program were on small cracks and were
conducted on the SENT specimens at stress levels se-
lected from the S-N fatigue test results. Large-crack
tests on CCT specimens were also conducted to ob-
tain fatigue crack-growth rate data for a wide range
of rates; in these tests the same loading histories were
used as in the small-crack tests. All tests were con-
ducted at room temperature and in laboratory air.

This section describes the materials, fatigue and
small-crack test specimens, loading conditions, test
procedures, and data analysis procedures used to
obtain small-crack-growth rates.
used to obtain large-crack-growth rates from CCT
specimens are also presented.

The procedures .

Table I. Nominal Chemical Composition (wt%) of Materials

Aluminum alloy—

Element 7075-T6 LCOcs
Aluminum Balance Balance
Chromium 0.2 0.2
Copper 1.6 1.6
Iron 2 5
Manganese 2 15
Magnesium 2.6 2.5
Silicon 1 5
Titanium 1
Zinc 5.7 5.6

3.1. Materials

Two high-strength aluminum alloy sheets com-
monly used for aircraft structures were selected for
the test program: 7075-T6 aluminum alloy (2.3 mm
thick) and LC9cs clad aluminum alloy (2 mm thick).
The 7075-T6 alloy was selected because the growth of
small cracks was expected to be significantly affected
by grain boundary interactions and to severely test
continuum mechanics concepts. (See ref. 12.) The

LC9cs sheet, similar in chemical composition and
tensile properties to 7075-T6 alloy, was selected be-
cause clad aluminum alloy is used extensively in the
aircraft industry. Tables I and II give the nominal
chemical compositions and average tensile proper-
ties, respectively. Tensile properties for the 7075-T6
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Table I1. Average Tensile Properties of Materials

Ultimate Yield stress Modulus of Elongation
Thickness tensile strength, (0.2-percent elasticity, (51-mm gage
Material® B, mm MPa offset), MPa MPa length), percent
T 7075-T6 | 23 575 520 70000 12
LC9cs b2 538 481 66 400 12.5
Bare LC9cs ‘1.8 575 514 69 200 12.3

2Longitudinal (or rolling) direction.

bC]adrling thickness 80 to 100 yzm on each side (as received).

¢Cladding layer removed, core material. S e =

alloy were obtained from standard American Society
for Testing and Materials (ASTM) tensile specimens.
Tensile properties are also given for the LC9cs alloy
with the cladding layers removed.

The most significant difference between the two
materials is the surface condition. The LC9cs alloy
had a cladding layer 80 to 100 pum thick on each sur-
face of the sheet; however, that thickness was reduced
to about 50 to 70 um after the SENT specimens were
chemically polished. The 7075-T6 alloy was a bare
material, although 7075-T6 clad sheet is also used in
the aircraft industry. The thin cladding layer, con-
taining mainly Al-Zn, is used to enhance corrosion
resistance. The tensile strength of the cladding ma-
terial is only about 10 percent of that of the bare
material. Consequently, the nominal tensile strength
of the LCYcs sheet is reduced by the cladding. (See
table I1.) Yield stress and ultimate tensile strength
of the bare LC9cs alloy were about 7 percent higher
than those of the LCY9cs clad alloy. Bare LC9cs alloy
properties agreed well with those of the bare 7075-T6
aluminum alloy.

Microstructures typical of each material are
shown in figure 5. Clusters of inclusion particles, sim-
ilar in both the 7075-T6 and bare LC9cs alloys, ap-
pear as black regions. The cladding layer was cleaner
than the bare material, but it still contained many
small inclusion particles. The inclusion-particle size
distributions are shown in figure 6. The large dimen-
sions of the inclusion-particle clusters dp were aligned
perpendicular to the notch surface in the SENT spec-
imen, as illustrated in the insert. The distribu-
tions were similar for both alloys. The average grain
sizes in the short S-, transverse T-, and longitudinal
L-directions are shown in figure 7. The grain sizes
in the 7075-T6 alloy in the T- and L-directions were
about twice as large as those in the LC9cs alloy.

3.2. Specimens
Two types of specimens were used in the test

program. Fatigue (5-N) and small-crack tests were
conducted on the SENT specimens. (See fig. 2.) The
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large-crack tests were conducted on CCT specimens.
(See appendix E, fig. E1.) ...

The small-crack SENT specimens were selected
to produce naturally occurring cracks at material
defects or discontinuities and to propagate cracks
through a stress field similar to that encountered
in aircraft structures. The semicircular edge notch
permitted easy access to the notch surface; thus,
crack monitoring by the replication technique was
convenient.

The specimen blanks for the SENT and CCT
specimens were cut from aluminum alloy sheets (610
by 1830 by 2.3 mm for 7075-T6 alloy and 1000 by
2000 by 2 mm for LC9cs alloy). The long dimension
of the specimens was parallel to the rolling direction
of the sheet. Each specimen blank was labeled with
a specimen number. All blanks were milled to final
overall dimensions. Some blanks were reserved for
alignment specimens so they did not contain a notch.
In the SENT blanks, the semicircular notch was
milled with a process designed to minimize residual
stresses at the notch root. Details on the machining
process are given in appendix E. All of the 7075-
T6 alloy specimens were machined at LaRC and the
LC9cs alloy specimens were machined at BIAM.

The SENT specimens were chemically polished
to debur the edge of the notch, to remove machining
marks from the notch surface, and to eliminate any
residual stresses from the fabrication process. De-
tails on the polishing process are also given in appen-
dix E. The polishing process removed about 30 ym
of material from all surfaces. In a few specimens, the
notch root residual stresses were measured by X-ray
diffraction. These measurements indicated that the
residual stress was negligible (1-2 MPa). Figure 8
shows some typical notch surface finishes on an alu-
minum alloy after 1 and 5 minutes of polishing. The
5-minute polishing procedure removed more mate-
rial from the surfaces than did the 1-minute process.
In addition, the edges of the specimens polished for
5 minutes were deburred and mildly rounded during



"suona1tp (1) reutpnijBuo] pue ‘() 98I9asuURI) ‘(S) 1IOYS W SfeLIdjewt LO[[e UINUIUIT[E 0Mm} JO SINONIISODIN G 2IndL]

“Aojre s06D'1 (A) fo[re 91,6202 (%)

V86871 6758681

Buippej




200 D—0 dg 7075-T6
- dT 7075—'!’3

o—0 d S LCGcs === ===
-~ d.r LC9cs

150 }

Inclusion
particles 100 |

0 5 10 15 20
Inclusion—particle size, um

Figure 6. Inclusion-particle size distributions for aluminum alloys in short and transverse directions.

40
7075~-T6 LC9cs
30t
\
GraLr;nsize. 20 | \ §

1
0

\V
\\§ @&

T L S 7
Direction

2

Figure 7. Grain sizes for aluminum alloy materials.



Side

L-93-46

(a) One minute.

Fracture

-

30 um

Notch

(b} Five minutes.

Figure 8. Effect of chemical polishing time on notch surface finish.

the polishing process, thus preventing premature
crack initiation at the edge of the notch. Therefore,
the 5-minute polishing procedure was selected for the

current study. In some cases, the notch surface of the

LC9cs alloy was lightly etched beforehand to reveal
the microstructure.

All large-crack tests were conducted on 75-mm-
wide CCT specimens made from the two alloys in
the as-received condition. The LC9cs alloy specimens
had about 90-um-thick cladding on each surface:

Specimens were tested in either hydraulic or flat-
plate friction grips. Bolt holes were machined in
the specimens to facilitate the application of uniform
gripping pressure. However, the specimens were not
gripped directly; either brass or plastic spacers were
used between the specimens and the grip jaws so that
the specimens would not crack in the gripping area.
Details on the grip design used in both laboratories
are given in appendix F.

3.3. Loading Conditions

A range of loading conditions was applied in the
test program. Fatigue, small-crack, and large-crack

tests were conducted for three constant-amplitude
loading conditions and for a standardized aircraft
wing spectrum. (See Mini-TWIST ref 27.) A
summary of the cooperative program test matrix for
the two aluminum alloys is given in table IIL

Each laboratory was required to align the test
machines and gripping fixtures to produce a nearly
uniform tensile stress field on an unnotched sheet
specimens that had been instrumented with strain
gages. Blank specimens (identical to the small-
crack specimens without a notch) were machined for
alignment verification. The alignment procedures are
presented in appendix F.

Antibuckling guide plates that had been lined
with tetrafluoroethylene fluorocarbon polymer sheets
were used on all tests where compressive loads were
applied. They were loosely bolted together on both
sides of the specimens. Guide plates were not used
when the minimum applied load was zero or positive.
If a test was interrupted, the steady-state minimum
load was maintained at a level greater than or equal
to the required minimum load in the test. The
following sections briefly describe the various load
histories.



Table III. Cooperative Program Test
Matrix for Aluminum Alloys

Table IV. Local Notch Root Elastic Stresses for
Small-Crack Test Conditions

Number tested . , K7 8max (7 Smin
O Loading Smax, MPa ors s
Loading 7075-T6 | Clad | Bare 7075-T6 alloy
Fatigue SENT tests; cladding = 50- 70 um after polishing R=-1 80 0.48 —0.48
Constant R=-1 12 %(4) 16 2(3) 0 9 58 —-58
amplitude R= 0 17 2(4) 14 %(2) 18
R= 05 | 1793) | 19%2) | 17 R=0 120 73 0
140 .85 0
Spectrum® 14 (7 13 %(8 0
L @) ®) R= 05 195 118 59
Small-crack SENT tests; cladding = 50-70 um after polishing 290 1.33 67
Constant R=-1 10 10 0
amplitude R= 0 9 8 3 Mini-TWIST 190 1.15 —.26
R= 05 10 9 1 208 1.26 -.29
LC9cs alloy; multiply by 1.07 for notch root stresses in core
Spectrum® 8 9 0
R=-1 70 0.46 —0.46
Large-crack CCT tests; cladding = 80-100 um as received 90 59 _59
Constant R=-1 7 6 0
amplitude R= 0 6 6 1 R= 0 100 .65 0
R= 05 5 6 1 115 75 0
Spectrum® 9 8 0 R= 05 165 1.08 54
%Replica-effects tests. 185 1.21 -60
®Mini- TWIST loading sequence (ref. 27).
Mini-TWIST 125 .82 —.19
: 140 91 —.21
3.8.1. Constant-Amplitude Loading 170 111 —-26

Three stress ratios, —1, 0, and 0.5, were used in
the test program. The negative stress ratio was se-
lected because, as mentioned, the small-crack effect is
more pronounced fof compressive loading conditions.
In contrast, the small-crack effect is less evident at
high R. At each R, two maximum stress levels were
selected; also the lower stress level was slightly higher
than the fatigue limit. The cyclic frequencies ranged
from 5 to 20 Hz for the fatigue and small-crack tests.
Frequencies for the large-crack tests ranged from 5 to
30 Hz for the constant-amplitude tests and from 30 to
50 Hz for the threshold tests.

Table IV shows the local notch root elastic
stresses at maximum and minimum applied stress for
the SENT small-crack test conditions. For all stress
conditions with R = —1 and 0, the local stresses were
elastic for both materials. However, at R = 0.5, the
notch root yielded under tension for both alloys.

3.3.2. Mini-TWIST Spectrum Loading

The Mini-TWIST loading sequence (ref. 27} was
used for all spectrum loading tests. Mini-TWIST is a
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European standard gust load sequence for flight sim-
ulation tests on transport aircraft wing structures.
Load spectra pertaining to wing root stresses were
obtained from several transport aircraft types. The
standardized flight loading sequence was taken as the
average of the different load spectra. Mini-TWIST
represents a load sequence for a block of 4000 flights
that are composed of 10 distinct flight types. Stress
levels in each flight have been normalized by 1g mean
stress in flight S,y during cruise conditions. The
highest peak stress Smax = 2.65,,¢ occurs only once
in the total sequence. The lowest trough (or mini-
mum stress) is Sy = —0.6S,r. Figure 9 shows a
flight of the Mini-TWIST spectrum that is the third
most severe (2936) of 4000 flights. Thus, Spax and
Smin are the highest and lowest values of stress in the
total sequence. The cumulative distribution of peaks
and troughs for both the Mini-TWIST and TWIST
flight load sequences in 40000 flights is shown in
figure 10.

The aim of the Mini-TWIST sequence was to
develop a standardized flight sequence that would
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Figure 9. Third most severe flight (2936) in Mini-TWIST and
TWIST flight load sequences.
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Figure 10. Cumulative peaks and troughs in Mini-TWIST and
TWIST flight load sequences for 40000 flights.

reduce the time and cost involved in tests of the
TWIST sequence. (See ref. 27.) The difference be-
tween these two spectra is the number of cycles ap-
plied at the two lower stress levels. In the Mini-
TWIST sequence, the cumulative number of flight
load cycles per block of 4000 flights is 58442 cy-
cles, whereas the TWIST sequence has 398665 cy-
cles. Also, 4000 additional cycles were included for
the ground-air-ground loading (Spmin = —0.55m¢)-
These cycles were placed at the end of each flight.
Reference 27 gives a complete Mini-TWIST sequence
in flight types and a FORTRAN program to gener-
ate the sequence. This computer program was used
to generate the sequence.

To ensure that the load sequences and magni-
tudes were identical for the two laboratories, the
same FORTRAN load generator code was used at

LaRC and BIAM and the loading sequence was care-
fully verified. Loading accuracy was well within
1 percent for each local maximum load and 2 to 3 per-
cent for each local minimum load. In the SENT
specimens, the highest stress level in some of the
Mini-TWIST program loading sequences caused the
notch root to yield under tension. (See table IV.)

3.4. Fatigue Test Conditions and
Procedures

Because the participants may have been unfamil-
iar with the other’s material, eight SENT specimens
were exchanged for use in the exploratory fatigue
tests. These tests verified proposed test procedures
and contributed to understanding the fatigue behav-
ior of each material.

Standard S-N tests on the SENT specimens at
various maximum stress levels for both constant-
amplitude and spectrum loading were uscd to aid in
the selection of the applied stress levels and plastic-
replica intervals for the tests involving small-crack
growth. The fatigue life data were also used to assess
a method for total fatigue life prediction based solely
on crack propagation from material microstructural
defects or from the cladding layer.

For constant-amplitude loading, tests were con-
ducted at R = —1, 0, and 0.5. The Mini-TWIST
program loading sequence was used for the spectrum
tests. Guide plates, as shown in figure 4, were used

“Tor all tests with compressive loads. The SENT spec-

imens were cycled to complete failure (or stopped
without failure after 2 million cycles for tests to es-
tablish the fatigue or endurance limit for constant-
amplitude loading). The maximum number allowed
for the spectrum tests was 5 million cycles. (Speci-
mens removed after these cycles were not retested.)
The test matrix for the fatigue tests is shown in ta-
ble III. This table shows the number of specimens
tested at each condition for each material. In paren-
theses is the number of tests conducted to study the
effects of the plastic-replica method on fatigue life.
The LC9cs alloy was also tested without the cladding
to study the effects of the cladding layer on fatigue
life.

3.5. Small-Crack Test Conditions and
Procedures

The test matrix for the small-crack program is
summarized in table IV. The two objectives for the
small-crack tests were to obtain data on surface-
or corner-crack length against cycles and to obtain
surface- or corner-crack depths. To achieve these
objectives, two types of tests were required. Some
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specimens were tested for crack length against cycles
until one continuous crack extended across the notch
root and the specimen was pulled to failure. The
method of recording small-crack growth is given in
appendix G. Other specimens were tested until the
total crack length along the bore of the notch was
much less than the sheet thickness. The specimen
was then monotonically pulled to failure. The frac-
ture surfaces were examined to reveal the surface- or
corner-crack shapes.

3.5.1. Small-Crack Measurement Method

Newman and Edwards (ref. 19) investigated sev-
eral methods for measuring the growth of naturally
initiated cracks 10 gm to 2 um long for a test pro-
gram on small-crack growth in an aluminum alloy.
These methods were electrical potential (ref. 28),
ultrasonic surface waves (ref. 29), marker bands
(ref. 30), and plastic replicas (ref. 31). Of these, only

in the plastic-replica method was able to monitor the

growth and location of single and multiple cracks as
small as 10 pm along the bore of a notch. Because
the plastic-replica method was accurate to the small-
crack lengths required in the program, that method
was also selected for this study. The method is simple
to apply, but it is labor intensive; that is, many repli-
cas must be taken for adequate descriptions of crack
length against cycles. The plastic-replica procedures
are presented in appendix H.

Figure 11 shows the area of the specimen notch
root over which cracks were to be monitored. The
crack depth L; was measured along the bore of the
notch. The value of L and its location were recorded
on a data chart as a function of cycles. A sample
data chart, shown in appendix G, includes the speci-
men number, cycles, and a grid upon which the infor-
mation obtained from a replica was recorded. Each
record of crack length, location, and cycles was taken
at specified cyclic intervals. Cyclic intervals were cho-
sen so that at least 25 to 30 replicas were taken dur-
ing each test. The intervals were determined by di-
viding the fatigue life at each test stress level by 25
or 30. Replicas were also taken while the specimens
were tensile loaded (S = 0.6 to 0.8Smax). (The
procedures for taking replicas for constant-amplitude
and spectrum loading are presented in the next sec-
tion.) Figure 12 shows scanning-electron-microscope
(SEM) photographs of notch surface replicas for the
two alloys. Crack depth measurements L were the
horizontal projections. For surface cracks, L = 2a
and for corner cracks, L = a. The test was ter-
minated when a crack had grown across the speci-
men thickness B. Then, the specimen was statically
pulled to failure. Some tests, however, werc statically
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S End View

(a) Cracks in notch root.  (b) Crack length measurements.

Figure 11. Notch configuration and crack-length measure-
ments.

pulled to failure early in life to determine the shape
of the crack or cracks. (See sec. 3.5.3.)

At the lower stress levels selected in table IV, a
single crack was expected to initiate naturally and
dominate for most of the fatigue life. However, at
the higher stress levels, several cracks may develop
along the bore of the notch, as shown in figure 11. If
several cracks developed in the test, these cracks were
also recorded on the data chart as L; ( = 1ton). An
example of the recorded multiple crack data is shown
in figure G1 of appendix G. Starting with the lowest
number of cycles (early in life) where cracks could be
measured, researchers numbered them and recorded
the lengths £0.001 mm on the data chart. At the
next cyclic interval, crack lengths were recorded and
any new cracks were included. If two cracks had
joined, the lower crack number was used as the
identifier. These data charts provided approximate
locations for determining crack initiation sites, for
calculating stress intensity factors, and for applying
the crack noninteraction criteria. (See sec. 6.5.)

The following were collected for each test: data
charts, a small-crack data table (sce appendix G),
a photograph of the surface or corner cracks for the
full thickness of the specimen, and a photograph of a
replica near the end of each test for the full thickness.
The data for crack length against cycles were then
used to obtain stress intensity factor ranges against
crack-growth rates. The method of calculating stress
intensity factors and crack-growth rates is presented
in section 3.6.
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Figure 12. SEM photographs of replicas of notch surfaces.

3.5.2. Constant-Amplitude and Spectrum
Loading

Replicas were taken while the specimens were
tensile loaded so that any cracks would be open and
would allow the replica material to infiltrate. The
procedures for each type of loading were as follows.

3.5.2.1. Constant-amplitude loading. The test
was stopped at mean (or minimum) load. The ap-

plied load was then manually increased to 80 percent

of the maximum test load. This load was held while
a replica was taken along the bore of the notch. (See
procedures in appendix H.) After the replica was re-
moved from the notch, the load was reduced to the
mean and the test was restarted.

3.5.2.2. Spectrum loading. To take replicas for
the Mini-TWIST loading sequence, the test machine
was programmed (or manually set) to stop and hold
at a specified peak level after the desired number
of cycles. The replica was taken along the bore of
the notch. A peak load of level VIII was specified
in the Mini-TWIST loading sequence. (See fig. 2 of
ref. 27.) This level corresponds to about 60 percent
of the maximum applied stress. After the replica
was removed from the notch, the test machine was
restarted and it continued from the specified peak
level.

3.5.8. Crack Shape Determination

The replica method provides information only on
surface- or corner-crack lengths along the notch root.
The surface- and corner-crack depths had to be de-
termined either by an experiment or by analytical
calibration. For each test condition, several speci-
mens were to be tested until the total crack length
along the bore of the notch was at different percent-
ages of the sheet thickness. The specimen was then
pulled to failure to reveal the crack locations, shape,
and size.

3.6. Small-Crack Data Analysis
Procedures

In the following sections, stress intensity factor
equations are presented for a surface or corner crack
emanating from a semicircular edge notch. These
equations are used later to compare crack-growth
rates measured for small cracks with those measured
for large cracks as a function of the stress intensity
factor range. The method of calculating the crack-
growth rates for small cracks is also presented.

3.6.1. Calculation of Stress Intensity
Factors

The calculation of stress intensity factors assumes
either a semielliptical surface crack at the center

of the edge notch, as shown in figure 13(a), or a
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Figure 13. Definition of dimensions for specimens, surface- and corner-crack configurations, and parametric angle ¢.

quarter-elliptical corner crack at an edge, as shown
in figure 13(b). The crack depth L (a or 2a) is
always measured in the B direction and the length
of crack ¢ is measured in the w direction. For a
surface crack at a notch, thickness is denoted 2¢ for
convenience in expressing stress intensity factors as
a function of a/t; that is, a/t varies from 0 to 1.
This nomenclature was selected so that both surface
and corner cracks will become a through crack of
length ¢ when o/t approaches unity. For surface
cracks at other places along the bore of the notch,
the equations presented herein are adequate if the
crack is small compared with thickness. However,
if several cracks are close to one another, then the
calculation of stress intensity factors is in error. No
provisions have been made to account for multiple
crack interactions in the calculation of stress intensity
factors. Instead, data were simply rejected if an
interaction was likely. (See sec. 6.5, “Small-Crack-
Growth Noninteraction Criteria.”)

To calculate the stress intensity factor at the
point where the crack intersects the notch surface
(¢ = m/2), a and ¢ must be known. For a surface
crack, 2a (L) was measured as the projection of the
crack on a horizontal plane, as shown in figure 12(a).
The crack aspect ratio a/c and ¢ were calculated from

g =1+0.1 (%) (for % >002)  (la)
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and
% =40 (%) +02  (for % <0.02)  (1b)

For a corner crack, a (L) is again the projection of the
crack on a horizontal plane, as shown in figure 12(b),
and the ratio a/c was calculated from

—Z—‘: 1.140.1 (%) (2)

for @ > £, the cladding-layer thickness. Equa-
tions (1a) and (2) were determined by visual straight-
line fits to the experimental data; these comparisons
are shown in section 6.3. Equation (1b) was selected
to match predicted results from the crack-growth
analyses based on a typical material (inclusion-
particle cluster) defect size and shape. The mea-
sured crack shapes are compared later with those
predicted from the stress intensity factor equations
and the crack-growth rate properties.

The stress intensity factor range equation for
a surface crack at the center of the edge notch
(fig. 13(a)) for uniform remote stress is

AK = AS ( %") l/2Fs (3a)

Equations for the shape factor @ and the boundary-
correction factor F; are given in appendix D.



For a corner crack,

AK = AS (%) l/ch (3b)

Equations for F also are given in appendix D. Equa-
tions (3a) and (3b) apply to a range of crack configu-
ration parameters (a/c, a/t), but they are restricted
to the SENT specimens with r/w = 1/16 and 1 < r/t
< 3.5. For corner cracks in the LC9cs alloy, a correc-
tion for the cladding was developed in section 4.5.3 to
modify the calculation of the stress intensity factor
range.

The stress range AS is full range (Smax — Smin)
for constant-amplitude and spectrum loading. For
example, AS = 2Spyax for R = —1 loading. For
spectrum loading, the highest peak stress is Smax and
the lowest trough is Spip.

3.6.2. Calculation of Crack-Growth Rates

The calculation of crack-growth rate for constant-
amplitude and spectrum loading for small cracks was
a simple point-to-point calculation. That is,

da _ Aa _ a1 -0 (a)
AN AN~ N1 - N,

where a; is the crack length at N; cycles. The cyclic
interval AN is the interval between replicas. The
cyclic interval was chosen so that at least 25 to
30 replicas were taken during a test. The correspond-
ing AK is calculated at an average crack depth as

0t a4
== 5)

and c is calculated from equations (1) or (2).

3.7. Large-Crack Test Conditions and
Procedures

Fatigue crack-growth rate tests were conducted
for large cracks (c > 2 mm) at the three constant-

amplitude stress ratios and for the Mini-TWIST

loading sequence. Data were generated for the two
materials for a range of rates, especially in the
near-threshold crack-growth regime. Tests were per-
formed on 75-mm-wide CCT specimens made of the
7075-T6 and LC9cs alloys. (See appendix E.) The
method of recording large-crack data is presented
in appendix G. These data were used to define the
regime in which small-crack data from the SENT

specimens correlated with large-crack data. The re-

sults from this study are presented and discussed in
section 5.

3.7.1. Constant-Amplitude Loading

Constant-amplitude tests were conducted at
R = -1, 0, and 0.5. At each R, both constant-
amplitude loading and threshold tests were con-
ducted. In the threshold tests, crack-growth rates
were obtained for a load-shedding (decreasing AK)
procedure. The LaRC researchers used a load-
shedding procedure that was consistent with the
guidelines of the ASTM Standard Test for Measure-
ment of Fatigue Crack-Growth Rates (E647-87) in
which the loading was reduced by 6 percent every
1 mm of crack growth, whereas the CAE researchers
employed a procedure in which the load was de-
creased by 10 percent every 1 mm of crack growth
for rates greater than 2 x 1075 mm per cycle and
6 percent for rates lower than 2 x 1076 mm per cy-
cle. After they reached threshold conditions, some
specimens were then tested for load-increasing con-
ditions to obtain more crack-growth data.

3.7.2. Mini-TWIST Spectrum Loading
Program

Spectrum tests were controlled by a computer
program that allowed the mean flight stress to be
changed at any stage by the operator, to stop the
test at zero load, or to stop the test at the required
stress level so that replicas could be taken on the
SENT specimens. This program also allowed load-
decreasing or load-increasing tests to be conducted
without interrupting the flight history, except when
Smi was changed.

3.7.8. Large-Crack Data Reduction

Crack-growth rates were calculated from crack
length against cycles using the secant (point-to-
point) method. The stress intensity factor range was
computed from the well-known equation for a central
crack in a strip in tension (ref. 32),

AK = AS,/mc sec(%) (6)

where AS is the full cyclic range, c is the average of
the crack length measured on the right and left sides
of the specimen, and w is half-width of the specimen.
Visual best-fit lines (piecewise linear segments) were
drawn through the AK rate data. These baseline
relations were developed to compare with small-crack
data generated for the same test conditions.

4. Analysis Program

To understand small-crack growth and to improve
life-prediction methods, accurate stress intensity
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factor solutions must be obtained for small surface
and corner cracks in plates or at stress concentra-
tions. Because of their practical importance, anal-
yses of 3D crack configurations have been a central
issue in fracture mechanics for the past two decades.
Although several solution methods have been used
for these analyses, most solutions were obtained from
the 3D FEM in conjunction with various techniques
to extract stress intensity factors. (See refs. 33-37 for
examples.)

For the SENT specimens, an engineering estimate
(ref. 30) was the only stress intensity factor solution
in the literature for a surface crack at a notch. The
approximate solution was developed from an analy-
sis of a similar crack configuration, a surface crack
at a circular hole, and the assumed proportional-
ity between through-the-thickness and part-through
cracks. (See ref. 30.) This approximate solution has
been widely used in the past decade to characterize
small cracks. (See refs. 19 and 20.) However, the
accuracy of the solution was unknown. In addition,
stress intensity factor solutions or equations were un-
available for corner cracks at the notch. Because the
stress intensity factor is important in correlations of
small-crack growth and in life predictions, a joint ef-
fort was undertaken in the analysis program to de-
velop new and more accurate stress intensity factor
solutions for surface and corner cracks at the notch
root of the SENT specimens. The approach was to
apply two radically different analysis methods—finite
elements and weight functions.

The three-dimensional FEM and a 3D WFM
were used to determine stress intensity factors for
surface and corner cracks at the notch in the SENT
specimens. These crack configurations are shown in
figure 13. The surface crack was at the center of the
semicircular notch (fig. 13(a)) and the corner crack
was at the edge of the notch (fig. 13(b)). Analyses
of off-center surface cracks or multiple interacting
cracks were not considered.

Two-dimensional weight-function analyses were
used to help develop the stress intensity factor equa-
tions used in the 3D WFM. In addition, the 2D BFM
was used to obtain the stress distribution in an un-
cracked SENT specimen and the stress intensity fac-
tors for a through crack in the SENT specimens.
These solutions were used to develop weight func-
tions. An experimental technique was also used to
obtain stress intensity factors for through cracks in
the SENT specimens to help determine the appro-
priate remote boundary conditions. Stress intensity
factor equations, which were fitted to the calculated
stress intensity factors, were developed for a range of
crack configuration parameters.
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The following sections briefly describe the meth-
ods used in the program and compare the stress
intensity factors determined from various methods.
The general form is presented for the stress inten-
sity factor equations that were used to correlate and
predict small- and large-crack-growth rates. Com-
parisons are made among the results from the FEM,
WFM, and equations. A cladding correction on
stress intensity factors for corner cracks in the LC9cs
material is derived and discussed.

4.1. Finite-Element Analyses

Two finite-element programs and three methods
to extract stress intensity factors were used to de-
termine stress intensity factors for surface and cor-
ner cracks that emanate from a semicircular notch.
The finite-element program and method (singular-
ity element and nodal-force method) developed by
Raju and Newman (refs. 33 and 34) were used for
semicircular cracks and cracks with low a/c ratios.
For a/c = 2, the finite-element program (nonsingu-
lar elements) developed by Shivakumar and Newman
(ref. 35) and the equivalent-domain integral (EDI)
method (ref. 36) were used because this approach re-
quired less effort to generate large a/c models than
the former one. The virtual crack closure technique
(VCCT) (ref. 37) was also used to verify the stress
intensity factors for particular cases.

The stress intensity factors were obtained for a
range of semielliptical surface cracks at the center of
the semicircular edge notch and of quarter-elliptical
corner cracks at the edge of the notch in a speci-
men of finite thickness. The SENT specimen was
subjected to remote tensile loads. Solutions for off-
center surface cracks were not considered necessary
because the stress distribution along the bore of the
notch showed only a small variation, as shown in fig-
ure 14 for a circular hole in a plate of finite thick-
ness. (See ref. 38.) The results in figure 14 show
the normal stresses oyy along the bore of a circular
hole (z/r = 1) in a plate subjected to remote uniform
stress for two values of r /¢, the ratio of hole radius to
plate thickness. The results for r/t = 3 are indica-
tive of the normal stresses in the SENT specimens
used in the test program. Thus, the stress intensity
factor solution for a small surface crack anywhere in
the midregion (z/t < 0.6) would not be adversely
affected by the finite thickness. The ratio of crack
depth along the notch root to crack length away from
the notch root a/c considered in the analyses ranged
from 0.4 to 2 and the ratio of crack depth to plate
thickness a/¢ ranged from 0.2 to 0.8. Also, the ra-
tio was r/t = 3 for surface cracks and r/t = 1.5 for
corner cracks. These are the nominal values used in
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Figure 14. Stress concentration along bore of circular hole in
finite-thickness plate for remote tensile loading.

the test program. Appendix A gives more details of
the finite-element analyses. Tables of stress inten-
sity factors for various crack configurations are also
presented.

4.2. Weight-Function Analyses

The 3D WFM developed in references 39 and 40

was based on the slice-synthesis procedure (refs. 41-

43) and the general expressions for 2D weight func-
tions. (See refs. 44-46.) Reference 47 reviews the 2D
and 3D WFM’s and their solutions. Basically, the
3D WFM transforms the restraining effect of the un-
cracked part of a 3D cracked body into a kind of elas-

tic boundary condition on 2D slices. Thus, some 3D

nature is built into these slices. The weight functions
for these slices are constructed through two limiting

cases, one for zero constraint and the other for fixed

constraint, by using the general weight functions
for 2D crack configurations. For an infinite, semi-
infinite, or quarter-infinite body wherein the restrain-
ing areas tend to infinity, the 2D weight functions
with fixed boundary conditions are directly applied.
However, for a finite body, a reference solution is
needed to determine an unknown parameter in the
weight functions for the slices. For the present prob-
lems with r/w = 1/16, the 2D weight functions
with fixed boundary conditions are applicable, as dis-
cussed in appendixes B and C.

The 3D WFM has previously been applied to
embedded elliptical cracks (refs. 39 and 40), semi-
elliptical surface cracks (refs. 40 and 48), and quarter-

elliptical corner cracks (ref. 40), in plates of finite

thickness subjected to mode I loading. Results from
the WFM agreed well with other accepted solutions

for these crack configurations.

Herein, the method was applied to surface and
corner cracks at the semicircular notch in the SENT
specimens (refs. 49 and 50). The 3D WFM for-
mulated here, however, assumed that the normal
stress distribution around the notch root was uniform
through the thickness. This assumption was justified
for the SENT specimen configurations in the cur-
rent study because through-the-thickness variations

. in normal stress are small, as shown in figure 14. Ba-

sically, the current 3D WFM uses the normal stress
distribution shown by the dashed line. The normal
stress distribution, together with the corresponding

“stress intensity factors for through cracks (calculated

from the BFM), was used to derive the 2D weight
function (ref. 45) for a through crack emanating from
an edge notch. The 2D weight function was then used
in the 3D WFM to derive stress intensity factors for
surface and corner cracks at the notch. The 3D WFM
allows for the determination of stress intensity factors
at any location along a crack periphery for the crack
configurations shown in figure 13. The a/c ranged

__from 0.2 to 2 and a/t ranged from 0.05 to 0.5. Note

that the WFM was applied to a different range of a/c

~~~and a/t values than the FEM. The WFM was applied

to smaller cracks (lower a/t), but the FEM was ap-
plied to larger cracks (larger a/t). For surface cracks,
r/t = 2.78 and 3.2 and r/t = 1.39 and 1.6 for corner
cracks. These are the particular r/f values used in
the test program for the two materials. Appendix B
gives the details of the 3D WFM. Tables of stress
intensity factors for various crack configurations also
are presented.

4.3. Boundary Force Method

The BFM was formulated for 2D stress analysis
of complex configurations, with and without cracks,
subjected to internal loading and traction or displace-
ment boundary conditions. (See refs. 26 and 51.)
The BFM uses the elasticity solution for concen-
trated forces and a moment in an infinite plate as
the fundamental solution. For plates without a crack,
Muskhelishvili’s solution (ref. 52) for a pair of con-
centrated forces P, Py, and moment M in an infinite
plate is used as the fundamental solution. For a plate
with a crack, Erdogan’s solution (ref. 53) for P, and
Py and for M in an infinite plate with a crack is used
as the fundamental solution. With Erdogan’s solu-
tion, the crack faces need not be modeled as part of
the boundary because the stress-free conditions on
the crack faces are exactly satisfied.
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Figure 15, Boundary-correction factors from FEM and WFM
for semicircular surface crack at notch.

The BFM was used to analyze the uncracked
SENT specimens to obtain the stress concentration
factor and the normal stress distribution along the
net section. In addition, the BFM was used to
analyze a through crack emanating from the SENT
specimens subjected to either remote uniform stress
or displacement. The James and Anderson technique
(ref. 54), to extract experimental stress intensity
factors, was used to verify the remote boundary
conditions on the SENT specimens. Appendix C
gives some details of the BFM analysis and of the
2D solutions used in the cooperative program.

4.4. Comparison of Methods

Typical comparisons of the stress intensity
boundary-correction factors from the FEM and
WFM are shown in figures 15 and 16 for a semi-
circular surface crack and quarter-circular corner
crack at a notch, respectively. The FEM analyses
were conducted on a large mainframe computer with
about 15000 degrees of freedom (DOF), whereas the
WFM analyses were performed on a personal com-
puter. The boundary-correction factor is plotted
against the parametric angle ¢. The WFM results
are shown as symbols for the two particular val-
ues of r/t used in the test program. The curves
show the results from the FEM for a nominal value
of r/t. Results for a/t = 0.5 agree well (within
3 percent) with the FEM analyses, except where the
crack intersects the free boundaries (¢ = 90° for
surface cracks; ¢ = 0° and 90° for corner cracks).
The results for the smaller crack (a/t = 0.2) show
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Figure 16. Boundary-correction factors from FEM and WFM
for quarter-circular corner crack at notch.

that the FEM results arc slightly higher (2 per-
cent) for surface cracks and slightly lower (3 per-
cent) for corner cracks than are the WFM results.
This small variation may have been caused by the
slightly higher normal stresses shown in figure 14 for
z/t < 0.2 for surface cracks and the slightly lower
normal stresses for z/t > 0.8 for corner cracks. This
nominal stress variation was accounted for in the
FEM. The WFM did not account for through-the-
thickness variations in the normal stresses. For the
configurations used in the cooperative test program,
however, neglecting the small through-the-thickness
variations was justified.

The stress intensity boundary-correction factors
from the FEM and those for the WFM for an ellip-
tical crack (a/c = 2) arc shown in figure 17. Again,
the boundary-correction factor is plotted against ¢
for several values of r/t. The WFM results (solid
symbols) arc average results between 7/t = 1.39
and 1.6. For all crack configurations considered in
the analysis program, these results show the largest
difference (about 10 percent) between the FEM and
WFM. To resolve these differences, two finite-element
programs, three methods of extracting stress inten-
sity factors, and several finite-element models were
used. These results are shown in figure 18. The
open circles show the results from the FEM and the
model (model A with 13 wedges of elements along
the crack front and the EDI method) used in the co-
operative program for a/c = 2. Model B contained
singularity elements around the crack front (about
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Figure 17. Boundary-correction factors from FEM and WFM
for quarter-elliptical corner crack at notch.
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Figure 18. Boundary-correction factors from various finite-
element models and methods and weight-function results
for quarter-elliptical corner crack at notch.

15000 DOF) and the nodal-force method was used
to calculate stress intensity factors. Model C con-
tained nonsingular elements around the crack front
but had 20 wedges of elements along the crack front
with about 18000 DOF. Two methods, EDI and the
VCCT, were used to extract stress intensity factors.
All FEM’s show similar results in the region of con-
cern (p < 30°).

The higher WFM results for the corner-crack con-
figuration may, to some extent, be attributed to ne-
glecting the normal stress variation in the thickness
direction near the plate surface. The results from a
3D stress analysis of a hole in a plate of finite thick-
ness (fig. 14) show that the z variation of the normal
stress is largest at the hole and plate surface. The
actual normal stresses are lower than the 2D stress
distribution used in the 2D weight-function analyses.
Thus, the 2D stress distribution will overestimate the
stress intensity factors for corner cracks in the SENT
specimens when the ratio of crack length to notch ra-
dius ¢/r is small. If the actual 3D stress distribution
had been used as the applied crack-face loading in
the WFM, lower stress intensity factors would have
been obtained. However, no further effort was taken
here to clarify this point because the precise 3D stress
distribution in the notch-root region was not known
and the refined 3D finite-element analyses provided
confidence in the FEM solution.

4.5. Stress Intensity Factor Equations

The FEM and WFM stress intensity factor solu-
tions for surface and corner cracks at a notch (appen-
dixes A and B) and the BFM solutions for a through
crack at a notch (appendix C) were used to develop
equations. The stress intensity factor equations and
their functional forms are given here for a semi-
elliptical surface crack at the center of a semicircular
edge notch, a quarter-elliptical corner crack at the
edge of the notch, and a through crack at the notch
subjected to remote uniform stress or displacement
(where the ratio of one-half the specimen height h
divided by width w was 1.5). Thus,

1/2
7a a a ¢c ¢ T T
K=s(D) F (% ¢ ¢ < 2 7
S(Q) J(c’ t'rw’ t’w’(’o) (7)

where F; is the boundary-correction factor. (See
ref. 34.) The equations were developed for a range
of crack configurations with r/w = 1/16 (the r/w

“value for the SENT configuration). Note that here

t is defined as one-half the full sheet thickness for
surface cracks (j = s) and ¢ is full sheet thickness for
corner cracks (j = ¢). Here @ is given by
a
- (for a/c < 1) (8a)

Q=1+ 1464( )1’65
o\ 1.65
Q=1+1.464 (5) (forafe>1)  (8b)
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Figure 19. Boundary-correction factors from FEM, WFM, and equations for surface crack at notch. r/t = 3.

4.5.1. Surface and Corner Cracks at Notch

4.5.1.1. Surface crack at a semicircular notch.
The boundary-correction factor equation for a semi-
elliptical surface crack at the center of a semicircular
edge notch (fig. 13(a)) subjected to remote uniform
stress or displacement is

Fy= {Ml + M, (%)2 + M3 (%)4] 9192939495 f o fuw (9)
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for 0.2 < afc < 2, aft < 1,1 < r/t < 3.5,
(r+c)/w < 0.5, r/w=1/16, and —7/2 < ¢ < = /2.
The equations for all other terms in equation (9) are
given in appendix D.

Figures 19(a)-19(d) show comparisons among the
FEM, WFM, and stress intensity factor equations
for a surface crack at the notch root in the SENT
specimens. Each figure is for a constant value of a/c¢
and r/t. The WFM results (solid symbols) are the
averages of the results for the two values of r/t used in



the test program. The open symbols in figures 19(b)-
19(d) show the FEM results. The equations are
shown by the curves for various values of a/t. The
equations are well within +4 percent of the WFM
and FEM results, except where the crack intersects
the notch boundary (¢ = 90°). In applications,
the stress intensity factors near the free surface have
been shown to control fatigue crack growth. (See
ref. 55.) (Note that the percentage of error is defined
in reference to the largest stress intensity factor for
any particular configuration.)

4.5.1.2. Corner crack at a semicircular notch.
The boundary-correction factor equation for a
quarter-elliptical corner crack at the edge of a semi-
circular edge notch (fig. 13(b)) subjected to uniform
remote stress or displacement is

2 4
F. = [Ml + My (%) + Mj (%) ] 9192939495 fo fu (10)

for 0.2 <afc<2,aft<1,1<r/t<2 (r+c)fw
< 0.5, r/w = 1/16, and 0 < ¢ < m/2. Again, the
equations for other terms in equation (10) are given
in appendix D.

Figures 20(a)-20(d) show comparisons among the
FEM, WFM, and stress intensity factor equations
for a corner crack at the notch root in the SENT
specimens. Here, too, each figure is for a constant
value of a/c and r/t. The WFM results (solid
symbols) are the averages of results for the two
values of 7/t (1.39 and 1.6). Open symbols show
the FEM results for 7/t = 1.5. Again, the corner-

crack equations are shown by the curves for various

values of a/t. The equations are generally within
+5 percent of the FEM and WFM results except
for the differences noted between the methods for
shallow cracks with a/c = 2 (fig. 20(d)) and deep
cracks with a/c = 0.4 (fig. 20(b)). In these two cases,
the equations were made to fit the FEM results.

4.5.2. Through Crack at Notch

The stress intensity factor for a through crack
emanating from a semicircular notch subjected to
remote uniform stress or displacement is expressed
as

K = S(rc)V/?F, (3, < i)
w rw
where F} is the boundary-correction factor that ac-
counts for the effect of the notch and external bound-
aries for r/w = 1/16. Equations are given in
appendix C for F for uniform remote stress or
displacement.

(11)

Figure 21 shows a comparison between the BFM
results and stress intensity factor equations for a
through crack at the notch in a SENT specimen sub-
jected to either remote uniform stress or displace-
ment. (h/w = 1.5). Figure 21(a) shows the results
for small through cracks and figure 21(b) the re-
sults for large cracks. These results indicate that
the boundary-correction factors are strongly influ-
enced by the remote boundary condition for large-
crack lengths. Through-crack equations, fitted to
these results, are shown by the curves. The equa-
tions are within +2 percent of the BFM results.
Stress intensity factors from experiments were also
determined from the fatigue crack-growth-rate test
in appendix C, and agreed well with the numeri-
cal results for uniform displacement boundary condi-
tions. Thus, the equations for uniform displacement
with h/w = 1.5 were used in the life-prediction code
FASTRAN II (ref. 56) to predict small- and large-
crack growth in the SENT specimens.

4.5.8. Effect of Cladding

In the LCYcs alloy, cracks initiated in the cladding
layer and grew as corner cracks into the core mate-
rial. To account for this growth, the stress inten-
sity factor solution for corner cracks was modified
to approximately model cracks in a multiple-layer
medium. The yield stress of the cladding was esti-
mated to be about 50 MPa. In the SENT specimens,
the cladding layer (£) always yielded and developed
multiple cracks from slip-band formation along the
edges of the notch. Thus, as a first approximation,
¢ was assumed to carry no load. To estimate the ef-
fects of the cladding layer on stress intensity factors,
two stress intensity factor solutions were used: one
was an edge crack in a 2D sheet that carries a uni-
form stress ¢ over only the core material, as shown in
figure 22(a); the other was an edge crack that carries
uniform stress over the total crack length, as shown
in figure 22(b). The cladding correction factor was
then defined as the ratio of the stress intensity factors
for the two crack configurations. The stress intensity
factor for the partially loaded edge crack (ref. 47) is
given by

NG (1_£)j—1/2 (12)

V2
K = 0v/ma 72 _—
J

1 27 —1

where 31 = 2, By =
~0.3104, and 85 =

0.9788, B3 = 1.1101, B4y =
—0.1017. The corresponding

21



3}
Fc 21
1‘ e o/t WFM Equation
¢ ° 05 v —
2 e —-
0 1 1 J
0 30 60 90
@, deg
(a) afc = 0.2.

Fc

a/t FEM WFM Equation
1} .05 v —

2 o L4 han

.5 a] . -

.8 a
o L L J
0 30 60 90

@, deg

(c)a/c=1.

Fc
o S
anm W a/t FEM WFM Equation
1 .05 v —
.2 o s ——
S 0 | --
B A
0 h I 1 J
0 30 60 90
@, deg
(b) a/c =0.4.
3.
Fc
1t a/t FEM WFM Equation
.05 v —
2 o o -
.5 a . --
.8 a
0 1 L J
0 30 60 S0
¢, deg
(d) a/c = 2.

Figure 20. Boundary-correction factors from FEM, WFM, and equations for corner crack at notch. r/t = 1.5.

stress intensity factor for the uniformly loaded edge

crack (ref. 32) is

Ke =ovma 1.1215

(13)

The ratio of K ./Ke, the cladding correction factor,
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5
Ge=04)

J=1
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£

53’(1—5

2j — 1

)j—l/?

(14)

If the crack length is equal to the cladding thick-
ness, then G, = 0, whereas if the crack length be-
comes large compared with cladding thickness, G,
approaches unity and the cladding has no effect on
stress intensity factors.

The cladding correction must now be applied to
a corner-crack configuration. (See fig. 22(c).) The
angle ¢ is measured from the free surface. The edge-
crack cladding correction can be directly applied to
point A in that figure, point A being the intersection
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Figure 21. Boundary-correction factors from BFM and equation for small through crack at notch. r/w = 1/16; h/w = 1.5.
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Figure 22. Crack configuration and loadings for estimating clad correction on stress intensity factors for corner crack at notch.

between the crack front and notch surface (¢ =
7/2) because it most closely resembles figure 22(a).
However, the application of G at other locations is
questionable. To grow a crack in the bare material,
point B should be used to evaluate stress intensity
factors. The parametric angle that defines point B
will vary from m/2 when a ~ ¢ to ¢ = 0 when
a > £. The stress intensity factors at point B will
also be greatly reduced because the no-load-carrying
clad has a similar effect as on stress intensity factors
at point A. Thus, the 3D stress intensity factors for

a corner crack at the edge of a notch were modified
by multiplying G, times the stress intensity factor
solution without the clad (eq. (10)). The corner-
crack (boundary and clad) correction becomes Fl=
F.G.. Although the cladding correction factor was
derived for the maximum depth location (¢ = 7/2),
the same correction was applied at ¢ = 0 where the
crack front intersects the sheet surface in the cladding
layer. The selection of point C (¢ = 0) was made
for convenience because small corner cracks in the
clad material grew in a nearly semicircular (a/c = 1)
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manner for low a/t and the stress intensity factors
for this configuration do not vary much with the
parametric angle. (See fig. 20(c).)

5. Large-Crack Experimental Data

Experiments were conducted to determine the
rates of fatigue crack growth on large cracks (>2 mm)
at three constant-amplitude stress ratios and the
Mini-TWIST loading sequence. The objective was
to generate data for the two aluminum alloys for a
wide range of rates, especially in the near-threshold
crack-growth regime. Additional tests were also
conducted on the LC9cs bare alloy to determine the
effect of the cladding on large-crack-growth rates. All
of these tests were conducted on 75-mm-wide CCT
specimens. (See appendix E.) The method by which
the data were recorded is presented in appendix G.
These data will be used to define the regime in
which large-crack data apply to small cracks and to
establish the baseline data for use in life predictions.
The results will be presented as AK against crack-
growth rate.

5.1. Stress Ratio Effects on Large-Crack-
Growth Rates

Fatigue crack-growth-rate tests for constant-
amplitude loading on 7075-T6 and LCY9¢s aluminum
alloy sheets were conducted at R = —1, 0, and 0.5.
Tests on the LC9cs bare alloy were conducted at
only R = 0 and 0.5. At each stress ratio, two types
of tests were conducted: constant-amplitude loading
and threshold (load-shedding) tests.

5.1.1. 7075-T6 Aluminum Alloy

The AK-rate data for large cracks are shown in
figure 23 for the 7075-T6 alloy. At all stress ra-
tios, the data from NASA and CAE agreed well, al-
though some slight discrepancies were observed at
the threshold level. The NASA data showed slightly
higher AK thresholds than did the CAE data for
R = -1 and 0. The data for R = 0.5 from each
laboratory agreed very well. The data at each of
these stress ratios parallel well with each other. The
data also showed several “knees” or transitions (T,
Ta, and Tg), which are sharp changes in the slope.
These transitions occur at nearly the same crack-
growth rate for all stress ratios. References 57 and 58
have shown for 7000 series and 2024 aluminum al-
loys, respectively, that these transitions correspond
to loading conditions where the monotonic or cyclic
plane-strain plastic-zone sizes become equal to char-
acteristic microstructural features such as dispersoid
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Figure 23. Crack-growth rate against AK for 7075-T6 alu-
minum alloy under various constant-amplitude loading.

spacing, dislocation cells, subgrain size, or grain size.
Wanhill (ref. 58) pointed out that the cyclic plas-
tic zone should be calculated with AK.g to account
for closure effects on reverse yielding. References 57
and 58 suggest the following correlations at the tran-
sition points:

T, cyclic plastic-zone size =~ mean
planar distance between dispersoids

To cyclic plastic-zone size = subgrain
and dislocation cell sizes

T monotonic plastic-zone size ~ grain
sizes

The transitions are also associated with changes
in fracture surface topography. Between AK,; and
Ty, the fracture surfaces are faceted. Above T9 a
gradual change to continuum (flat) fracture is char-
acterized by fatigue striations. Above T3 the flat
fracture changes to slant crack growth (crack surface
plane is at 45° to the loading axis through the thick-
ness). The flat-to-slant crack growth is discussed fur-
ther in section 8. Relationships between monotonic
and cyclic plastic zones and the transitions observed
in the current study are discussed in section 8.

The solid lines were drawn through the data
points by a visual fit; the points used to define these
lines are given in table V. These lines are compared
with the small-crack data in section 6.

Figure 24 shows a comparison between the crack-
growth rates generated in the cooperative program
and the results of Hudson (ref. 59) on the same
material. Wide-ranging stress ratios were tested in
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Table V. Large-Crack Data Points for 7075-T6
Aluminum Alloy

AK, de/dN,
R Point MPa-m!/2 mm/cycle
-1 1 3.9 1.00 x 1078
2 44 1.40 x 1076
3 11.0 1.20 x 1079
4 15.5 1.00 x 1074
5 40.0 1.30 x 1073
0 1 2.3 1.00 x 1078
2 25 1.00 x 1078
3 3.0 2.00 x 1076
4 5.6 9.00 x 1079
5 8.5 1.00 x 104
6 24.5 1.70 x 1073
0.5 1 14 1.00 x 108
2 14 1.00 x 1077
3 1.7 1.20 x 1078
4 3.8 8.00 x 1076
5 5.7 8.50 x 1073
6 15.5 1.50 x 1073
Mini-TWIST 1 5.3 6.00 x 1078
2 8.6 1.20 x 1076
3 35.0 7.40 x 107°
-1
10 7075-T6
1072} — NASA/CAE
1073}
de/dN, !
mm/cycle1 5| R
Hudson (ref. 59)
—6 | o —1
10 o0
-7 a5
10 - v.7
o .B
10—8 1 1 atasd
1 10 100
AK, MPa—m1/2

Figure 24. Crack-growth rate against AK from cooperative
program and Hudson’s data for 7075-T6 aluminum alloy.

reference 59; these results are shown as symbols
and the results from the cooperative program are
shown by the solid lines. Results for R = -1, 0,
and 0.5 agreed quite well with the previous data.
In some cases, the transition in Hudson’s data is
not as sharply defined as in the cooperative pro-
gram because a smoothing technique was used to

1073 ¢

1074t

de/dN, 1070}
mm/cycle

50

Figure 25. Crack-growth rate against AK for LC9cs aluminum
alloy for constant-amplitude loading.

reduce the data. The results of this cooperative
program demonstrate why a calculation of point-to-
point crack-growth rates is preferred more than a
smoothing technique.

5.1.2. LCYcs Aluminum Alloy

The large-crack AK-rate data for the LC9cs clad
alloy are shown in figure 25. In calculating AK, the
full specimen thickness was used. The data from the
CAE and NASA laboratories agreed fairly well for
each stress ratio. Again, the NASA data showed
slightly higher AK thresholds than did the CAE
data. The three transitions observed in the data for
the 7075-T6 alloy were also observed in the LC9cs
alloy at about the same rates as measured for the
7075-T6 alloy. The solid lines were drawn through
the data points by a visual fit; the points are given
in table VI

As mentioned, additional tests were conducted on
the LC9cs bare alloy. These results are shown in fig-
ure 26 for R = 0 and 0.5. For comparison, the test
data on the LC9cs alloy, shown in figure 25, were
reanalyzed without the cladding layer in the calcula-
tion of AK (180 pm subtracted from the original
thickness). The effective thickness t' was 93 per-
cent of the original thickness. In the midrate region
(107 to 10~* mm per cycle), the results from the
two sets of data agreed very well, indicating that
the cladding layer could not carry a significant por-
tion of the load. The LC9cs alloy showed somewhat
higher AK thresholds than the LC9cs bare alloy. At
the lower AK values, the cladding layer may carry
enough load to affect the threshold.
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Table VI. Large-Crack Data Points for LC9cs
Aluminum Alloy

AK, de/dN,
R Point MPa-m!/2 mm/cycle
-1 1 4.0 1.00 x 108
2 4.0 2.00 x 1077
3 4.6 2.00 x 1076
4 8.7 1.00 x 1075
5 11.5 4.70 x 1073
6 36.5 1.00 x 1073
0 1 2.4 1.00 x 1078
2 2.6 1.80 x 1076
3 5.0 1.10 x 1073
4 7.0 1.00 x 1074
5 18.7 1.60 x 1073
0.5 1 1.6 1.00 x 1078
2 1.7 1.00 x 106
3 2.0 2.70 x 108
4 3.2 7.00 x 1076
5 45 4.60 x 1075
6 10.0 7.60 x 1074
Mini-TWIST 1 6.0 1.00 x 1077
2 10.0 2.50 x 1076
3 27.0 420 x 1075
1079 ¢
o]
1074} ergr"p
de/dN, 1079 } R=0
mm/cycle :
-6 o
10 : LCScs clad
mw a (t' = 0.93t)
1077} HFo ¥ ov LCY9cs bare
K
10~8 L —

2 5 10
AK, MPa—m /2
Figure 26. Crack-growth rate against AK for LC9cs clad and

bare aluminum alloys at two stress ratios.

5.1.8. Comparison of Alloys

A comparison of the A K-rate results for the two
alloys is shown in figure 27. The solid lines show
the fitted lines from the 7075-T6 alloy tests and the
dashed lines show the results from the LC%cs alloy
tests. The dotted lines show the LC9cs alloy results
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Figure 27. Crack-growth ratc against AK for 7075-T6 and
LCYcs aluminum alloys for constant-amplitude loading.

based on ' = 0.93t in the calculation of AK. In
the midrate region, the results for the 7075-T6 alloy
and LC9cs bare alloy (with t') agreed fairly well, but
some significant differences were evident in the AK
thresholds. Even the LC9cs alloy showed slightly
higher thresholds than the 7075-T6 alloy.

5.2. Large-Crack-Growth Rates for
Mini-TWIST Spectrum

Two types of spectrum crack-growth tests were
conducted on CCT specimens made of 7075-T6 and
LC9Ycs alloy sheets: constant load S.; and load
shedding. The objective of the load-shedding tests
was to obtain AK-rate data to low stress intensity
factor ranges to compare with the small-crack data.
(Sec sec. 6.6.2.) The constant-mean flight-stress
tests were conducted to obtain data at higher stress
intensity factor ranges and to provide data on crack
length against cycles to verify FASTRAN II. (See
ref. 56.)

5.2.1. 7075-T6 Aluminum Alloy

Figure 28 shows the AK-rate data for the 7075-
T6 alloy. The circular symbols are the results from
load reduction tests and the triangular symbols are
from the constant load tests. Recall that the AK
values were computed by using the maximum and
minimum stresses in the Mini-TWIST spectrum and
the crack-growth rates generally were calculated by
using the crack extension during one pass through
the spectrum. At the higher rates, this procedure
was not always possible. The results from the two
types of tests agreed well. The solid lines were drawn
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Figure 28. Crack-growth rate against AK for 7075-T6 alu-
minum alloy for Mini-TWIST load sequence.
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Figure 29. Crack-growth rate against AK for LC9cs aluminum
alloy for Mini-TWIST load sequence.
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through the data points by a visual fit; these points
are given in table V.

5.2.2. LC9cs Aluminum Alloy

The large-crack AK-rate data for the LCOcs
alloy from the Mini-TWIST spectrum are shown in
figure 29. In calculating AK, the full specimen thick-
ness was used. Results from both types of tests,
load reduction and constant load, agreed well. Crack
growth in one of the constant load tests, however,
slowed near the end, as shown by the results near
25 MPa-m!/2. This slowing occurred after the appli-

1073 - Mini—TWIST
a 7075-T6 B = 2.3 mm

1074} ©LCY9%cs B=2mm

dc/dN, 1079}

mm/cycle
1078}
1077t
A
1078 : )
1 10 100
AK, MPa—m /2

Figure 30. Crack-growth rate against AK for 7075-T6 and
LC9cs aluminum alloys for Mini-TWIST load sequence.

cation of a severe flight. Again, the baseline large-
crack relation is given in table VL.

5.2.5. Comgparison of Alloys

Figure 30 shows a comparison between the AK-
rate data for the 7075-T6 and LC9cs alloys for the
Mini-TWIST spectrum. Here, the AK-rate data fall
together quite well, even without the effective thick-
ness for the clad alloy. The cracks in the LC9cs alloy
should grow faster at the same AK value than they
do in the 7075-T6 alloy, similar to what was observed
for constant-amplitude loading, because the clad ma-
terial carries very little load and the crack tip in the
core material would have a higher AK. However,
the cladding layer may affect loading interaction (re-
tardation) more in the LC9cs alloy than in the bare
7075-T6 alloy.

6. Fatigue and Small-Crack
Experimental Data

Researchers in the small-crack test program used
two types of fatigue tests for both constant-amplitude
and spectrum loading. Standard fatigue tests on
SENT specimens were conducted to determine the
S-N (stress-cycles) curves for the 7075-T6, bare,
and LC9cs clad, especially near the endurance limit.
Fatigue tests were also conducted on the LC9cs
material with the cladding layer removed. Small-
crack tests were conducted on SENT specimens based
on stress levels selected from the fatigue test results.

This section presents information on initiation
sites and the distribution of small cracks along the
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bore of the notch for the two alloys. Small-crack
data charts were used to record crack location and
crack length against cycles from the replicas. Crack-
shape data were obtained from examination of frac-
ture surfaces of specimens that were broken early in
life. These data, together with a crack noninteraction
criterion, were used to determine AK-rate data for
small surface and corner cracks at the notch. Com-
parisons are then made with large-crack AK-rate
data discussed in section 5.

6.1. Fatigue Tests

Fatigue life tests were conducted on the SENT
specimens of 7075-T6 and LC9cs alloys to aid in the
selection of applied stress levels and replica intervals
for the small-crack-growth-rate tests. These fatigue
life data were also used to assess a total life-prediction
method based solely on crack propagation from ma-
terial microstructural defects or from the cladding
layer. The effects of cladding and the replication pro-
cess on fatigue lives werc also studied.

6.1.1. Constant-Amplitude Loading

Fatigue life data for constant-amplitude loading
at the three stress ratios are shown in figures 31
and 32 for 7075-T6 and LC9cs alloys, respectively.
In those figures, Ny is the cycles to failure at Smax-
Solid and open symbols show the results of standard
fatigue tests conducted by each laboratory. NASA
was the lead laboratory for the 7075-T6 alloy and
CAE was the lead laboratory for the LC9cs alloy.
The results from each laboratory agreed well for both
alloys and all test conditions, although slight differ-
ences were observed for the LC9cs alloy, which ex-
hibited more experimental scatter than the 7075-T6
bare alloy. As usual, an arrow indicates that a test
was terminated before failure at the indicated cy-
cles. The stress levels for the small-crack test were
selected from these results and are listed in table I'V.
The lowest stress levels were near the endurance limit
but high enough to give failures in about 100000 cy-
cles. The second stress level was selected to give
about 50000 cycles to failure. Table I'V indicates that
the notch root stresses are elastic for all constant-
amplitude tests except those at R = 0.5.

6.1.2. Mini-TWIST Spectrum Loading

Fatigue test results for the Mini-TWIST loading
sequence are shown in figures 33 and 34 for the
7075-T6 and LC9cs alloys, respectively. Fatigue life
is plotted against Smax, which is equal to 2.6Sys
(the highest stress level in the sequence). The solid
and open symbols distinguish the results from each
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Figure 31. Fatigue lives of 7075-T6 aluminum alloy at various
stress ratios.
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Figure 32. Fatigue lives of LCOcs aluminum alloy at various
stress ratios.

laboratory; the close clustering reflects the good
agreement between NASA and CAE tests. The stress
levels selected for the small-crack tests are given in
table TV; they were sclected to give about 0.5 to
2 million cycles to failure. Three stress levels were
selected for the LC9cs alloy because it has a lower
endurance limit than the 7075-T6 alloy. Table IV
shows that the notch root stresses are above the yield
stress for the 7075-T6 alloy but are generally elastic
for the LC9cs alloy. However, the cladding layer
yields in all cases. (The estimated yield stress of
the cladding was 50 MPa, as estimated from results
shown in table II.)
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Figure 33. Fatigue lives of 7075-T6 aluminum alloy for Mini-
TWIST load sequence.
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Figure 34. Fatigue lives of LC9¢s aluminum alloy for Mini-
TWIST load sequence. -

6.1.5. Effect of Cladding

Fatigue tests were also conducted on SENT spec-
imens of LC9cs bare alloy. The objective of these
tests was to assess the effect of cladding on fatigue
lives at R = 0 and 0.5. Figure 35 shows a compari-
son of fatigue lives on bare LC9cs and bare 7075-T6
alloys. The endurance limits for both alloys were sim-
ilar, but the fatigue lives of the LC9cs bare specimens
generally were shorter than those for the 7075-T6 al-
loy. A comparison between LC9cs clad (curves) and
bare (symbols) alloys is made in figure 36. These
results show that removing the cladding greatly im-
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Figure 35. Fatigue lives of 7075-T6 and LC9cs bare aluminum
alloys at two stress ratios.
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Figure 36. Fatigue lives of LC9cs clad and bare aluminum
alloys at two stress ratios.

proves the endurance limit. Fatigue lives at higher
stress levels also show an improvement.

6.1.4. Effect of Replica Method

Fatigue life data for constant-amplitude and
Mini-TWIST spectrum loading are shown in fig-
ures 37 and 38 for 7075-T6 alloy and in figures 39
and 40 for LC9cs alloy, respectively. The open sym-
bols are the standard fatigue tests results previously
shown. These tests were conducted for laboratory
air conditions and were continuously cycled to fail-
ure without interruption. The solid symbols denote
tests during which replicas were taken.
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Figure 37. Effect of replica process on fatigue lives of 7075-T6
aluminum alloy for constant-amplitude loading.
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Figure 38. Effect of replica process on fatigue lives of 7075-T6
aluminum alloy for Mini-TWIST load sequence.

The limited results on the 7075-T6 alloy for
constant-amplitude loading (fig. 37) indicated that
the fatigue lives at 2 = 0 and —1 were affected by
the replica process. The fatigue lives for R = —1 were
nearly twice as long as the lives for tests without the
replicas. Tests for the Mini-TWIST loading (fig. 38)
also showed that the replica process strongly affects
fatigue lives. Here, the fatigue lives were also dou-
bled when replicas were taken. To identify the source
of this effect, four additional tests were undertaken
on this material with the Mini-TWIST spectrum
(Smax = 205 MPa). In two tests, the fatigue cycle was
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Figure 39. Effect of replica process on fatigue lives of LC9cs
aluminum alloy for constant-amplitude loading.
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Figure 40. Effect of replica process on fatigue lives of LC9cs
aluminum alloy for Mini-TWIST load sequence.

stopped periodically after the same cyclic interval in
the replica tests, and the load was held for 10 min-
utes at the replica load (about 60 percent of Smax);
however, no replica was taken. The resulting lives
were slightly less than the lives from the standard
fatigue tests at this stress level. For the other two
specimens, the notch root was bathed with the ace-
tone solution twice during the 10-minute hold at
replica loading, but no replica was taken. The fa-
tigue lives from these tests agreed with those from
the tests with replicas. Thus, the longer fatigue lives
of the replica test specimens are likely attributable to



a chemical effect connected with the acetone rather

than a purely mechanical effect from holding the
cracked specimens at constant tensile loading or from
residual acetyl cellulose between the crack surfaces.

Whether the longer life is attributable to effects
on initiation or on fatigue crack-growth rates was not
determined in this study. However, Gao, Pao, and
Wei (ref. 60) have shown that higher fatigue crack-
growth rates are associated with higher water vapor
pressures. They also found that crack-growth rates
in moist air are greater than those in vacuum, argon,
or oxygen, which they attributed to hydrogen embrit-
tlement. Given the sensitivity of the 7075-T6 alloy
to water vapor, the longer fatigue lives after replica-
tion may relate to the introduction of acetone, which
reduced the environmental effects because it dries or
protects the crack front region from the normal mois-
ture levels in laboratory air. In the standard fatigue
life tests, a baseline condition of water vapor expo-
sure was established in laboratory air. Tests with
the 10-minute holding time at loading are equally
exposed to laboratory water vapor, which results in
similar fatigue lives. In replica tests or when the
holding time includes bathing the notch root with
acetone, the water vapor concentration at the crack
front may be reduced, thereby slowing crack-growth
rates and producing longer fatigue lives.

The replica-effects tests on the LC9cs alloy are
shown in figure 39 for constant-amplitude loading.
The limited results here indicate that the replica pro-
cess did not affect the fatigue lives for this alloy.
Similarly, in extensive tests using the Mini-TWIST
spectrum sequence (fig. 40) no effect of the replica
process was evident on fatigue lives. As discussed,
this alloy is nearly identical in composition and
microstructure to the 7075-T6 alloy except for the
60-pm cladding layer on each sheet. Becausc the
fatigue lives for the 7075-T6 alloy were longer he-
cause of the acctone solution, the LC9cs alloy should
have shown longer lives. However, cracks in the
LC9cs specimens initiated from slip bands in the
low-strength ductile cladding and produced predom-
inately corner cracks rather than initiating at inclu-
sion particle sites as surface cracks as in the 7075-T6
alloy. (Crack initiation results for the two alloys are
discussed in the next section.) When corner cracks
are prevalent, no consistent difference is evident be-
tween the fatigue lives with or without replicas. The
seeming indifference to the effects of acetone on fa-
tigue life (and presumably crack-growth rates) may
relate to the corner-crack configuration. Because
replication is performed on only one surface (notch
root), the corner-crack front is exposed to the water

vapor environment through the crack surface that in-
tersects the side of the specimen.

Because the plastic replicas had an effect on the
fatigue life of the 7075-T6 alloy and presumably on
small-crack growth, the small-crack rates in the co-
operative program may not reflect the true behavior
of small cracks for laboratory air conditions. There-
fore, analyses and comparisons based on these data
should be viewed with caution. Fortunately, the
replica method did not affect the fatigue life of LC9cs
specimens because of corner-crack growth. Here, the
complex interaction of the cladding on stress inten-
sity factors may be evaluated without concern for
replica effects.

6.2. Initiation Sites and Distributions for
Small Cracks

A study of small cracks must invariably in-
volve consideration of the surface and subsurface
microstructure of the material. In the following sec-
tions, the initiation of cracks at microstructural de-
fects, discontinuities, or cladding is discussed. Sur-
face replicas taken early in life were used to locate
where cracks initiated and to identify the microstruc-
tural feature that caused those cracks. Broken spec-
imens were then used to identify the types of cracks
(surface or corner) and their shapes.

Photomicrographs of sections along the notch-
root surface and crack-surface plane for the 7075-
T6 and LC9cs alloys are shown in figures 41(a)
and 41(b), respectively. These photomicrographs
show inclusion particles in the bare (or core) ma-
terial and the grain structure. Cracks that initiate
along the notch surface will grow as either surface or
corner cracks. Crack growth along the bore of the
notch will be in the 2a-direction and crack growth
away from the notch will be in the c-direction. The
grain structure and inclusion-particle clusters of both
alloys are elongated in the c-direction. The notch-
surface planes in figures 41(c) and 41(d) show a sim-
ilar pancake microstructure as do the crack-surface
planes. Figure 41(d) also shows the cladding layer
in the as-received condition. Chemical polishing of
the SENT specimens reduced the cladding layer to
50-70 pm.

6.2.1.7075-T6 Aluminum Alloy

A typical initiation site along the bore of the
notch in the 7075-T6 alloy is shown in figure 42.
This series of photomicrographs from surface replicas
shows a surface crack initiating and growing from a
pit, which may have been caused by the removal of

31



32

Crack growth
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Crack growth (2a)

(a) 7075-T6 crack plane.

(b) LCYcs crack plane.
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{c) 7075-T6 notch root. (d) LCYcs notch root.

L-93-50

Figure 41. Photomicrographs of sections along crack-surface plane and notch root surface for the two aluminum alloys.
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an inclusion-particle cluster during the machining or
polishing process. Here, the initial defect void size
was surprisingly large, about 30 ym. A crack was
observed to initiate at the void at about 17 percent of
the total fatigue life. These photomicrographs show
the progression of the crack for most of the life of
the specimen. For the 7075-T6 alloy, crack initiation
generally occurred early in life at inclusion-particle
clusters or voids, similar to the crack initiations
observed by Bowles and Schijve. (Sec ref. 61.)

Seven broken specimens were examined to iden-
tify the size of the inclusion-particle cluster or void
that initiated the crack. In the SEM photomicro-
graphs shown in figure 43, a specimen is shown
that had two initiation sites along the bore of the
notch. From this examination, the material defect
size ranged from 4 to 8 um in the 2a-direction (along
the notch root) and from 6 to 18 um in the c-direction
(away from the notch). (Note that these ranges do
not include the unusually large void that is shown
in fig. 42.) However, the defect sizes should be com-
pared with the inclusion-particle sizes shown in fig-
ure 6. The defects that were sufficient to initiate sur-
face cracks are at the upper portion of the particle
size distributions. This outcome is expected because
of the small volume of material used to generate the
distribution chart. Thus, the initiation site should
occur at one of the largest inclusion-particle sites or
voids along or near the notch surface. From these re-
sults an initial defect (or crack size) 2a; = 6 pm was
selected and the initial crack length was ¢; = 9 pym
to characterize the most probable initial defect.

6.2.2. LC9cs Aluminum Alloy

The initiation sites in the LC9cs alloy were nearly
always in the cladding layer as shown in figure 44.
This serics of photomicrographs (again from surface
replicas) shows slip bands and cracks in the cladding
layer and cracks growing in the barc material. In
figure 44, a crack was observed at about 17 percent
of the life required to grow the crack across the full
sheet thickness. Although this particular specimen
broke in monotonic loading when the corner-crack
length was equal to sheet thickness (breakthrough),
the total fatigue life would have been only about
20 percent longer than the life to breakthrough. In
the LC9cs alloy, cracks were also observed to initiate
early in life, similar to the life in 7075-T6 alloy, even
though they initiated in the cladding layer and grew
predominately as corner cracks. The significance
of the cladding layer on fatigue in aluminum alloys
has been known for many years. (See ref. 62.)
However, the analysis methods have only recently
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been developed to analyze corner-crack growth and
crack closure.

Some SEM photomicrographs of broken LC9cs
specimens are shown in figure 45. Thesc photographs
show a corner crack that initiated in the cladding
(fig. 45(a)) and a rare occurrence of a surface crack
that initiated at a large void along the bore of the
notch. (See fig. 45(b).) For these crack sizes, note
that the crack fronts are nearly circular (e/c =1 to
1.1}. A detailed discussion on crack shapes is given
in section 6.3.

6.2.3. Comparison of Alloys

A comparison of data on crack-initiation sites for
the two alloys is shown in figure 46, which has an
insert that shows a cross section of the notch root.
The crack-initiation site, denoted t;, is measured
from the centerline of the specimen thickness. Half
the sheet thickness is denoted {. When ¢; = 0, the
crack initiated at the specimen centerline; but when
t, = t, the crack initiated at the corner of the notch
and specimen surface. The information on initiation
site locations was obtained from the small-crack data
charts made from plastic replicas taken early in life.
Each specimen data chart documented one to five
crack-initiation sites along the notch root. The
cooperative program requirements were such that the
five largest cracks were monitored from initiation to
breakthrough (L = B). Because multiple cracks were
more likely at the high stress levels than at the low
stress levels, the low stress levels in the test program
were selected as slightly higher than the endurance
(fatigue) limit.

The initiation-site information from NASA and
CAE was analyzed together. The distribution of
initiation sites along the bore of the notch for nearly
65 cracks is plotted in figure 46. The number of
cracks that initiated in each of 10 separate regions
along the notch-root surface is plotted in relation to
the ratio t;/t. Each region is defined as 10 percent of
the specimen thickness.

For the 7075-T6 alloy, most of the cracks initiated
at t;/t < 0.5 (middle half of specimen thickness)
and grew as semielliptical surface cracks. Crack
initiation in the middle of the notch root is promoted
by an clevation of stress concentration in this region.
The stress concentration factor at the notch is about
5 percent higher in the middle of the specimen than
on the edge of the notch. (See ref. 38.) With the
edges of the notch polished and deburred, the most
likely location for crack initiation would be near the
center of the specimen thickness. Therefore, for small
cracks in the 7075-T6 alloy, modeling the crack as a
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(a) 5000 cycles. (b) 8000 cycles. {c) 14000 cycles.
L-93-53

Figure 44. Photomicrographs of surface replicas showing initiation site in cladding and crack-growth history in LC9cs aluminum
alloy. Cracks grew across thickness (L = B) in 28000 cycles.
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Cladding

(a) Corner-crack initiation site in cladding.

(b) Surface-crack initiation site at inclusion-particle void. I

Figure 45. LC9cs aluminum alloy crack-initiation sites.
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Figure 47. Surface- and corner-crack shapes and sizes for the
two aluminum alloys.

defect that grows along the specimen centerline is
a reasonable assumption. Multiple crack initiations
and interactions were not considered in the coopera-
tive program.

For the LC9cs alloy, more than 90 percent of the
cracks initiated at the corner (¢;/t = 1) and grew as
quarter-elliptical corner cracks. Therefore, a corner
crack was assumed in the analyses of small cracks in
the clad alloy. Multiple crack initiations and inter-
actions were not considered. In a few cases, a crack
did initiate at the surface in the LC9cs alloy. These
few surface crack results proved useful in assessments
of cladding-layer effects on stress intensity factors.
(See secs. 4.5.3 and 8.5.2.)

6.3. Small-Crack Shapes for Two Alloys

To calculate stress intensity factors for a surface
or corner crack at the notch, crack dimensions a and
e, must be known. The replica method was used
to monitor crack length in the a-direction as a func-
tion of cycles. For information about crack growth in
the c-direction, some specimens were pulled to failure
(monotonic loading) at various stages during their
lives. (See figs. 43 and 45.) Figure 47 shows the vari-
ation of a/c with a/t for naturally initiated cracks.
The surface-crack data were obtained from the 7075-
T6 alloy, whereas the corner-crack data were ob-
tained from the LC9cs alloy.

In the 7075-T6 alloy, surface cracks initiated at
inclusion-particle clusters or voids at or near the
notch surface. The solid symbols show the material
defects where cracks initiated in the bare alloy. These
defects ranged from a/t = 0.002 to 0.004. The
initial crack size selected to characterize the initial
material defect (a; = 3 pm and ¢; = 9 pum) was
an average of these defect sizes. For a/t < 0.05,
very little information was obtained on experimental
crack shapes. However, very early in life, the cracks
in both alloys generally grew in a nearly semicircular
(a/c = 1) shape. However, the cracks grew more
along the bore of the notch than away from the notch
(a/c > 1) as,they deepened (larger a/t).

In the LC9cs alloy, corner cracks initiated from
slip bands in the cladding layer very early in life.
Figure 44 shows the cracks in these slip bands and
the progression of crack growth into the core mate-
rial. Again, very little information was obtained for
a/t < 0.03. Corner cracks generally grew more along
the bore of the notch than did surface cracks, as ev-
idenced by the generally larger a/c ratio.

The solid and dashed lines in figure 47 show
equations that were visually fitted to these data—
equation (1) for surface cracks and equation (2)
for corner cracks. These equations were used to
calculate ¢ from (a or 2a) measurements made in the
cooperative test program.
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Figure 48. Surface replicas on notch root for 7075-T6 alloy with single and multiple surface cracks.

6.4. Crack Length Against Cycles for
Small Cracks

Small-crack growth along the bore of the notch
was measured by the plastic-replica method. Crack
length against cycles was then recorded on data
charts. (See appendix G.) Examples of replicas
and typical crack-growth data are presented in the
following sections.

6.4.1. 7075-T6 Aluminum Alloy

Figure 48 shows photomicrographs of surface
replicas on the notch root for the 7075-T6 alloy.
These examples show both single and multiple cracks
along the notch surface. A plot of crack length
against cycles for small cracks in constant-amplitude
loading (R = —1; Smax = 95 MPa) is shown in
figure 49. The tests at R = —1 were selected be-
cause small-crack effects are more pronounced for
these conditions. The solid and dashed curves show
test results from NASA and CAE, respectively, which
agreed very well. Growth of naturally initiated
cracks was detected early in life after about 5000
to 15000 cycles. At these cycles, L = 5 to 15 um.
Although these particular tests were terminated af-
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Figure 49. Experimental crack length against cycles for small
cracks in 7075-T6 aluminum alloy.

ter the cracks grew across the sheet thickness, fa-
tigue tests at these conditions (replica effects, fig. 37)
would have lasted about 150000 cycles. Thus, the



initiation phase, that is, the cycles before a crack
was detected, was only about 3 to 10 percent of the
total fatigue life.

6.4.2. LCY9cs Aluminum Alloy

Corner-crack growth in the LC9cs alloy is shown
in photomicrographs of surface replicas in figure 50.
Single and multiple cracks also developed along the
edges of the notch. A plot of crack length against
cycles for small cracks at R = —1 and Smax = 90 MPa
is shown in figure 51. The solid and dashed curves
show test results from CAE and NASA, respectively.
Here, also, the results from each laboratory agreed
well. As mentioned, the clad alloy exhibited more
scatter in fatigue life than did the 7075-T6 alloy;
the scatter may account for the differences at about
20 000 cycles. Growth from naturally initiated cracks
in the cladding also was detected early in life. Crack
growth was recorded as early as 1000 cycles, but
most initiated at about 4000 cycles. At these cycles,
however, the cracks were from 60 to 100 um long.
Fatigue tests in these conditions (fig. 39) would have
lasted about 40 000 cycles. Thus, the initiation phase
for the clad alloy was also about 3 to 10 percent of
the total fatigue life.

L-93-56
Figure 50. Surface replicas of notch root for LC9s aluminum alloy with single and multiple corner cracks.

6.5. Small-Crack-Growth Noninteraction
Criteria

As shown, multiple cracks did initiate in many
tests. Because the development of multiple-crack
stress intensity factor solutions was beyond the scope
of this study, a small-crack noninteracting criterion
was used. Application of this criterion permitted re-
searchers to reject data when the stress fields of mul-
tiple cracks may have interacted. The approach was
similar to the procedures developed in reference 19
but was modified for nonaligned multiple cracks. Fig-
ure 52 illustrates a simple system for rejecting crack-
growth rates wherein such interactions could occur.
Four cases were considered when data are rejected:

1. When cracks are on nearly the same path with
each other (such as cracks 1 and 2, fig. 52(a)) and
when the distance dj o is less than the length of
the largest crack Lj, then subsequent data from
crack Ly are rejected. When d) 2 between the
adjacent crack tips is less than the length of the
smaller crack Lo, then subsequent data from L
are rejected. Here, the crack tips are expected to
approach each other, so the rate of growth of each
would accelerate.
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Figure 51. Experimental crack length versus cycles for small
cracks in LC9c¢s aluminum alloy.

2. After two cracks have joined (such as cracks 1
and 2, fig. 52(b)), the crack-growth data are
rejected from both cracks until L is twice the
joining L1+ Lq. Satisfying this criterion will allow
the two cracks to merge and form a combined
crack front before crack-growth rates are used.

3. When cracks intersect the same line parallel to
the loading axis of the specimens (such as cracks 1
and 3, fig. 52(a)) and when the distance between
the two cracks hj 3 is less than twice the length
of the larger crack, then subsequent data from
crack 3 are rejected. Data from crack 1 remain
valid if h;3 is greater than twice the length
of the smaller crack L. Here, L; would be
expected to relieve stresses in the region of Lg
and, consequently, the rate of growth of crack 3
would slow.

4. For nonaligned cracks (fig. 52(a)), if rejection
criteria 1 and 3 are both met, then data from
Ly are rejected. Similarly, if rejection criteria 1
and 3 are both met for the secondary crack, then
data from the secondary crack are also rejected.

These four conditions are referred to as the
noninteraction criteria. A simple way to visualize
criteria 1, 3, and 4 is to evoke the “box” criteria, as
illustrated in figure 52(a) by the dashed lines. The
coordinates of the dashed lines are set by criteria 1
and 3. The radial distance between the centers of
crack ¢ and j is denoted r;;. Any crack outside

40

the box is considered valid and the crack-growth rate
may be used. However, if any crack (Ly to Ls) is in-
side the box, then crack-growth rates from that crack
are rejected. All small-crack data presented in this
report satisfy the noninteraction criteria.

6.6. Small- and Large-Crack-Growth
Rates

All small-crack-growth rates from the coopera-

tive program for constant-amplitude and spectrum
loading were analyzed by the procedures described
in section 3.5. The data for da/dN generated with
SENT specimens are presented herein as a function
of AK. For each loading condition, the small-crack-
growth rates are compared with the large-crack data
generated with CCT specimens for the same loading
conditions on the same material. (See sec. 5.)

6.6.1. Constant-Amplitude Loading

6.6.1.1. 7075-T6 aluminum alloy. The NASA
and CAE small-crack-growth rates at B = -1,
0, and 0.5 are shown in figures 53-55, respec-
tively. The range of stress levels for each series of
tests is as indicated. A comparison of results at

- R = —1 is shown in figure 53. The data from each

laboratory agreed well in the midregion. The CAE
researchers generated more data for deeper cracks
(large a/t), whereas NASA researchers generated
more data for smaller cracks. These results show the
“classical” small-crack effect in that the small cracks
grew below the large-crack threshold (solid line at
AK of about 4 MPa-m!/2). However, recall that the
replica method affected fatigue life and possibly fa-
tigue crack-growth rates. Without the replicas, the
crack-growth rates for small cracks should be higher
than those shown. Above 1070 mm per cycle, the
small- and large-crack data generally merge.

The small-crack results at R = 0 (fig. 54) show
similar results as those for R = -1, except that
the deeper surface cracks grew more slowly than the
large through cracks at the same AK value. (Note
that the small-crack data are represented by the
ratio da/dN and the large-crack data by dec/dN.)
The growth rates in the a- and c-directions could
indeed be different at the same AK level. The
transitions in the AK-rate relation (see fig. 23) have
been attributed to grain or subgrain microstructure.
(See refs. 57 and 58.) Because the 7075-T6 alloy has a
pancake microstructure, the transitions in the AK-
rate relation in the g-direction would not coincide
with those in the c-direction. Also, deep surface
cracks should realistically be considered large cracks



(a) Multiple surface cracks at notch root.
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Figure 52. Definition of crack noninteraction criteria for crack coalescence and crack shadowing.
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Figure 53. Small surface crack (Smax = 80-95 MPa) and
large through crack growth rates against AK for 7075-
T6 aluminum alloy for R = —1.

in the a-direction because they are more than 0.5 mm
long and crack closure stresses have stabilized at the
large-crack steady-state values. (See sec. 7.)

Small-crack results for R = 0.5 are shown in
figure 55. Results from the two laboratories show
good agreement for the measured range of rates.
Here, the small cracks grew only slightly below the
large-crack threshold (1.4 MPa-m!/2). Also, da/dN
at the higher rates was lower than dc¢/dN at the same
AK value. These data also support the conclusion
that the AK-rate relations in the a- and c-directions
are different. At R = 0.5, crack closure becomes less

107 7075-Te
R=0 2°
1074t a
-5 |
da/aN, 10
mm/cycle
10°° F Surface crack:
0 NASA
& g a CAE
1077}
o — Large crack
(de/dN)
10_8 L P 1
05 1 5 10 50

AK, MPa—m /2

Figure 54. Small surface crack (Smax = 120- 140 MPa) and
large through crack growth rates against AK for 7075-T6
aluminum alloy for R = 0.

an issue (cracks are nearly fully open) and AK =
AK.g. These data were used to help establish the
AK_ g-rate relation in the a-direction. A detailed
discussion of effective stress intensity factors is in
section 8.2.

6.6.1.2. LCYcs aluminum alloy. In the small-
crack tests on the LCOcs alloy, primarily corner
cracks were produced. These cracks were initiated by
slip-band formation in the cladding layers very early
in life. Because the yield stress of the cladding is only
about 10 percent that of the bare alloy, the stress dis-
tribution at the corner of the notch is complex in that
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Figure 55. Small surface crack (Smax = 195-220 MPa) and
large through crack growth rates against AK for 7075-T6
aluminum alloy for R = 0.5.
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Figure 56. Crack-growth rate against crack length for surface
crack in LC9cs bare and corner crack in LC9c¢s clad alloy.

the cladding yields and the core material carries most
of the load. To calculate the effect of the cladding on
stress intensity factors, a 3D finite-element analysis
would be required. In lieu of such an analysis, an
engineering estimate was used to develop a simple
correction to the stress intensity factors for a cor-
ner crack. (See sec. 4.5.3.) The correction assumes
that the cladding layer does not carry any load. The
data generated in the small-crack test program will
be used to evaluate this simple hypothesis.

As mentioned, several tests on the SENT speci-
mens produced a surface crack along the bore of the
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Figure 57. Crack-growth rate against crack length for surface
crack in LC9c¢s bare and corner crack length minus clad
thickness in LC9c¢s clad alloy.

notch instead of a corner crack. These results were
used to help assess the effect of the cladding layer on
crack-growth rates and, consequently, on stress inten-
sity factors. Figure 56 shows crack depth a plotted
against da/dN for a surface crack and a corner crack
growing in the core LCOcs alloy. At a given crack
length, the corner crack grew at a much lower rate
than the surface crack. Because these results were de-
termined from a high stress ratio test (R = 0.5) and
at the same maximum stress level (180 MPa), crack
closure is not an issue. The results in figure 56 have
been replotted in figure 57, but the average cladding-
layer thickness (60 pm) has been subtracted from
the crack length in the a-direction. Here, the results
of crack length against growth rate for surface and
corner cracks agree quite well and indicate that the
cladding does not affect the rate of crack growth in
the core material. Thus, the cladding layer may be
assumed not to carry any load in the stress intensity
factor calculations.

To show how well the clad correction (modifica-
tion of the stress intensity factors) does in correlating
small-crack data, the data at R = (0.5 are analyzed
with no clad correction, then the data are analyzed
with the simple clad correction. The small-crack data
for R = —1 and 0 are analyzed with only the clad
correction to the stress intensity factor solutions.

Figure 58 shows the results for small surface
and corner cracks at R = 0.5. Stress intensity
factors were calculated with the measured value of
a, the calculated c from equations (1) or (2), and the

equations in appendix D. The open symbols show
the data for corner cracks and the solid symbols
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Figure 58. Small crack (Smax = 165 to 180 MPa) and large-
crack-growth rates against AK with no clad correction
for small cracks in LC9cs aluminum alloy for R = 0.5.
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Figure 59. Small crack (Smax = 165 to 180 MPa) and large-
crack-growth rates against AK with clad correction for
small cracks in LC9¢s aluminum alloy for R = 0.5.

show them for the surface cracks. Again, da/dN
may not be the same as dc/dN at the higher rates,
as discussed for the 7075-T6 alloy. However, the
two sets of data separate sharply for rates below

10~° mm per cycle. Below this point the surface-

crack data agree well with those for large cracks in
that same region. The corner-crack data do not agree
with either the surface- or large-crack data at the
lower rates. The high R data for corner cracks were
reanalyzed with the clad correction; the results are
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Figure 60. Small corner crack (Smax = 70 to 90 MPa) and
large-crack-growth rates against AK with clad correction
for small corner cracks in LC9cs aluminum alloy for
R=-1
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Figure 61. Small crack (Smax = 100 to 115 MPa) and large-
crack-growth rates against AK with clad correction for
small cracks in LC9cs aluminum alloy for R = 0.

shown in figure 59. - The corner-crack results now
agree quite well with those for surface cracks over
the range of measured rates. They also agree with
the large-crack data at the lower rates. These results
show the effectiveness of the simple clad correction
for corner-crack stress intensity factors.

The results of CAE and NASA small-crack tests
on the LC9cs alloy SENT specimens at R = —1 and
0 with the clad correction are shown in figures 60
and 61, respectively. Again, the data from each lab-
oratory agreed well. The data in figure 60 show
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more scatter in the lower region than the correspond-
ing plot for the 7075-T6 alloy. (See fig. 53.) How-
ever, the most noticeable difference is the shape of
the AK-rate results at AK values below the large-
crack threshold (vertical solid line). In the LC9cs
alloy, the crack-growth rates at AK values below the
large-crack threshold were much higher than those
measured for the 7075-T6 alloy. Of course, some of
this difference may have been a result of the replica
process on the 7075-T6 alloy small-crack data. An-
other source of difference may be the crack sizes. The
data for the 7075-T6 alloy were generated at much
smaller crack sizes than for the LC9cs alloy. The
crack sizes in the 7075-T6 alloy ranged from 5 to
100 pum, whereas those in the clad material ranged
from 80 to 300 um. The shape of the AK g-rate
curve in the region of lower rates and different crack-
closure transients may also be responsible for some
of these differences. A detailed analysis of these data
with the crack-closure model is given in section 8.

Figure 61 shows the results of small surface and
corner cracks for R = 0 constant-amplitude loading
conditions. The solid and open symbols show the
data for surface and corner cracks, respectively. In
the midrate region, all surface-, corner-, and through-
crack data agreed quite well. The SENT speci-
men data on large corner cracks also support the
conclusion that da/dN is different from dc/dN at
a given AK.

6.6.2. Mini-TWIST Spectrum Loading

6.6.2.1. 7075-T6 aluminum alloy. A plot of
AK against rate for small surface cracks for the
Mini-TWIST spectrum loading is shown in figure 62.
For this assessment, AK is calculated with the high-
est and lowest stresses in the spectrum sequence.
Also, the crack-growth rates are the average ones
for about 30000 cycles. The NASA and CAE data
agreed very well. Here, the small-crack results also
agreed with the large-crack data. However, this
agreement may have been fortuitous because the
replica method significantly affected the fatigue life
for Mini-TWIST loading. (See fig. 38.) Thus, the
measured rates for small cracks may be too low for a
given value of AK.

6.6.2.2. LCYcs aluminum alloy. Small-crack
rates for corner cracks in the LC9cs alloy for Mini-
TWIST spectrum loading are shown in figure 63.
Again, AK is calculated with the highest and lowest
stresses in the spectrum, but the cladding correction
is also used. The CAE and NASA data for this case
did not agree except at the higher rates. Asexpected,
the small cracks in the clad alloy grew faster than the
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Figure 62. Small surface crack (Smax = 190 to 208 MPa) and
large through crack-growth rates against AK for 7075-T6
aluminum alloy for Mini-TWIST load sequence.
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Figure 63. Small corner crack (Smex = 125 to 270 MPa) and
large through crack-growth rates against AK with clad
correction for small corner cracks in LC9c¢cs aluminum
alloy for Mini-TWIST load sequence.

large cracks at a given AK value in the region of low
rates.

7. Crack-Closure Model for Small and
Large Cracks

Numerous investigators have suggested (refs. 5-
11) and verified (refs. 8, 19, and 63) that crack clo-
sure (ref. 22) (or lack of closure in the early stages of
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Figure 64. Analytical crack-closure model in cyclic loading.

crack growth) is a major factor in causing some differ-
ences between the growth of small and large cracks.
Reference 64 has shown, on the basis of a crack-
closure model, that a large part of the small-crack
effect in an aluminum alloy was caused by a small
crack emanating from a defect “void” of incoherent
inclusion particles and from a breakdown of LEFM
concepts. In the cooperative program, the same
model, FASTRAN 1I (ref. 56), was used to calcu-
late crack-opening stresses; to correlate large-crack-
growth rates for constant-amplitude loading; and to
predict large-crack growth, small-crack growth, and
fatigue lives.

In the following sections, the model and recent
modifications are briefly reviewed and some examples
are presented on how crack-opening stresses vary as
a function of load history for small and large cracks
for constant-amplitude and spectrum loading. The
crack-opening stress equations used to calculate ef-
fective stress intensity factor ranges and to correlate
large-crack-growth rates are included for complete-
ness. The method by which crack-opening stresses
can be applied to surface- and corner-crack growth is
also discussed.

7.1. Analytical Crack-Closure Model

The crack-closure model (ref. 65) was developed
for a central crack in a finite-width specimen sub-
jected to uniform applied stress. This model was
later extended to through cracks emanating from a
circular hole in a finite-width specimen. (See ref. 23.)
In references 23 and 64, the model was applied to
small cracks. The model is based on the Dugdale
model (ref. 66), but it was modified to leave plas-
tically deformed material in the wake of the crack.
The primary advantage of this model is that the
plastic-zone size and crack-surface displacements are
obtained by superposition of two elastic problems: a
crack in a plate subjected to remote uniform stress
and uniform stress applied to a segment of the crack
surface.

Figure 64 shows a schematic of the model at max-
imum and minimum applied stresses. The model
is composed of three regions: a linear-elastic region
containing a circular hole with a fictitious crack of
half-length ¢ + p, a plastic region of length p, and
a residual plastic deformation region along the crack
surface. The physical crack is of length ¢/ — r. (The
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model was also assumed herein to apply for a crack
emanating from a semicircular notch.} The compres-
sive plastic zone is w. Region 1 is treated as an
elastic continuum. Regions 2 and 3 are composed
of rigid, perfectly plastic (constant stress) bar ele-
ments with a flow stress o,, which is the avcrage
of the yield stress (oys) and the ultimate strength
(o). The shaded regions in figures 64(a) and 64(b)
indicate material that is in a plastic state. At any
applied stress level, the bar elements are either in-
tact (in the plastic zone) or broken (residual plastic
deformation). To account for the effects of state of
stress on plastic-zone size, a constraint factor o was
used to elevate the tensile flow stress for the intact
elements in the plastic zone. The effective flow stress
ao, for simulated plane-stress conditions is o, (usual
Dugdale model) and for simulated plane-strain con-
ditions is 30,. The value of 30, was established from
elastic-plastic finite-element analyses for plane-strain
conditions with an elastic, perfectly plastic mate-
rial (normal stress elevation in the crack-tip region
was about 2.7 from the analysis). The use of the
modified Dugdale model for plane-strain conditions
is a matter of convenience because the shape of the
yield zone for plane-strain conditions is very differ-
ent from that used in the strip-yield model. How-
ever, the calculated crack-opening stresses for these
conditions agree well with finite-element calculations
for plane-strain conditions (ref. 67); that is, stabi-
lized S,;/Smax =~ 0.2. At the minimum applied stress,
some elements in the plastic zone and elements along
the crack surfaces that arec in contact may yield in
compression when the contact or compressive stress
reaches —o,. This assumption was justified because
when a crack closes, the large stress gradient at the
crack tip is greatly reduced (loss of constraint) and
a more uniform- stress field is produced.

For thin-sheet alloy, full plane-strain conditions
are not possible. Irwin (ref. 68) suggested accounting
for through-the-thickness variation in stress state
by introducing a constraint factor (¢ = 1.73) to
represent nominal plane-strain conditions. For thin-
sheet 2024-T3 aluminum alloy (ref. 19), « = 1.73
correlated crack-growth rate results for various stress
ratios and gave crack-opening stresses that agreed
with measurements. {See ref. 69.)

The closure model is used to calculate the ap-

plied stress level at which the crack surfaces fully
open as a function of crack length and load history.
This stress is denoted the crack-opening stress. The
crack-opening stress calculated for a through crack
was also assumed to apply along a surface- or corner-
crack front. Special modifications are required when
the crack front intersects a free surface. The crack-
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opening stress is then used to calculate AK.g. (See
ref. 22.) In turn, the crack-growth rate is calculated
from A K g-against-crack-growth-rate relation deter-
mined from large-crack data.

7.2. Crack-Opening Stresses From Model

The method used in the original closure model to
calculate crack-opening stresses {S,) assumed that
the rate of crack growth was small compared with
crack length. (See ref. 65.) In proof tests or severe
spectrum loading, however, crack-growth increments
may be large compared with crack length. There-
fore, the closure model was modified. (See ref. 70.)
The contact stress intensity factor equation for cal-
culating crack-opening stress (eq. (27) in ref. 65) was
changed to

n
20;
S! = Spin — Z TJ (arcsin By — arcsin By); (15)
j=11

where
sin ( %‘h)

: wc!
Sin ( %)

The modification changed the upper limit of the
summation in equation (15) from n—1 to n to reflect
the change in formulation from the crack length
before growth to actual or current crack length.
The prime denotes the modified crack-opening stress.
The index j refers to elements along the crack surface
that are used to model plastic and residual-plastic
deformations, as shown in figure 64(b). The crack
length ¢’ is the sum of the hole radius plus all of the
elements from j = 11 to n. Dimension b denotes the
distance to an edge of an element and the width of
an element is by — b;. Specimen width w is measured
from the specimen centerline or edge. Element 1 is
the first intact element at the crack tip. Elements 1
to 10 are always ahead of the current crack tip and
model the plastic zone p. The intact clements in the
plastic zone may carry tensile stresses to ao, and
compressive stresses to —o,. Elements 11 to n are
along the crack surface between the initial notch and
the current crack tip.

B, = (for k=1o0r 2) (16)

In the physical model, the crack was extended by
the width of the nth element at the maximum ap-
plied stress. (See ref. 65.) The physical crack exten-
sion and width of the nth element were denoted Ac*.
In the revised model, the total width of the nth ele-
ment was not used in the computation of the crack-
opening stress from equation (15). The element
width wy, in the crack-opening stress calculations was



the largest crack-growth increment during the gener-
ation of Ac*. For low fatigue crack-growth rates, wn
was generally very small compared with Ac* and was
neglected in the original model. But for proof testing
or severc loading, w, may be a large percentage of
Ac*. For proof tests, wy is equal to Ac*, the amount
of crack extension during proof loading. Thus, the
contribution of the crack-extension increment to sub-
sequent crack-opening stresses is accounted for in the
new calculations. At the minimum applied stress, el-
ements along the crack surface that are in contact
carry oj, the element contact stress; otherwise, the
element stress is zero. Elements in the plastic zone
carry either tensile or compressive stresses and may
yield in compression if ¢; is less than —o,. For
low fatigue crack-growth rates, S|, calculated from
equation (15) is nearly equal to S, calculated from
the equation developed in reference 71. However,
for large-crack-growth increments (high crack-growth
rates), S/ from equation (15) is now a function of
crack extension. See reference 70 for further details
on this modification.

7.2.1. Constant-Amplitude Loading

In the following section, the crack-closure model
is used to calculate crack-opening stresses for vari-
ous constant-amplitude loading and constraint con-
ditions. First, the model is used to demonstrate the
effect of the initial defect void size on crack-closure
behavior of small fatigue cracks cmanating from
these voids. Next, the effects of a and R on small-
crack-closure behavior are shown.

Previous studies (refs. 23 and 64) have indicated
that small-crack effects are more pronounced at neg-
ative stress ratios and for plane-stress conditions.
Typical results of calculated S, normalized by the
maximum applied stress as a function of a, are shown
in figure 65. The crack-growth simulation was per-
formed at R = —1 with the constraint factor of unity
{plane stress). The value Smax /oo = 0.15 was used in
the simulation. In bare aluminum alloys, cracks have
been found to initiate at inclusion-particle clusters
or voids left when these particles are removed during
machining or polishing processes. An initial mate-
rial defect (void or crack) with sizes a; = 3 um and
¢; = 9 um was selected for crack-growth simulations.
The defect-void half-height b was selected as either
0 or 0.5 um. The 0.5-um value was selected so that
the initial defect surfaces would not close even for
R = —1 compressive loading. These calculations are
shown as the lower solid curve in figure 65. As the
crack grows, however, the newly created crack sur-
faces close and the crack-opening stresses rapidly rise
and level off at the steady-state (large-crack) opening
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Figure 65. Calculated crack-opening stresses for various defect
void heights as function of crack length for small crack.

stress value. A minimum crack-growth rate occurs at
¢ =~ 19 pm. This behavior was caused by the rapid
rise in crack-opening stresses. Initially, the small
crack was fully open and AK.g = AK. However,
as the crack grew, the rapid rise in the crack-opening
stresses reduced AK,g, thereby also reducing crack-
growth rates. However, as the crack-opening stresses
began to stabilize, the rise in the stress intensity
factor with longer crack lengths caused a reversal in
the growth rate trend.

For a crack that initiates at a tight cluster of
inclusion particles or voids, b may be nearly equal
to zero. In figure 65, the defect surfaces do contact
during compressive loading and the contacting sur-
faces greatly affect the amount of residual plastic de-
formation left behind as the crack grows. The calcu-
lated crack-opening stresses quickly stabilize at the
steady-state large-crack value, as shown by the up-
per solid curve. These results suggest that the small-
crack effect, at least in relation to crack closure, is a
microcrack effect (a < 20 to 40 pm).

The effect of constraint on closure of small cracks
is shown in figure 66, in which the constraint factor
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« varies from plane-stress conditions (o = 1) to sim-
ulated plane-strain conditions (a = 3). In all cases,
the initial crack-opening stress is at the minimum ap-
plied stress and rapidly rises as the crack grows. The
initial response is nearly independent of «, but the
stabilized values for large cracks are different; again,
the crack-closure stresses stabilize for a > 40 um.

For thin-sheet aluminum alloys, & = 1.7 to 1.9
correlates crack-growth rates as a function of the ef-
fective stress intensity factor range below the tran-
sition from flat-to-slant crack growth. (See refs. 64
and 65.) The effect of R on calculated crack-opening
stresses is shown in figure 67 for & = 1.8. The par-
ticular values of Spax/0, used in the simulations
are as indicated. As previously shown, the nega-
tive stress ratio simulation shows a significant crack-
closure transient. However, at positive stress ratios,
the crack-opening stresses stabilize after a smaller
amount of crack growth. The results at R = 0.5
show that the crack surfaces were always fully open.
These results are important because the AK ‘values
for high R conditions are the same as the AK g val-
ues, and tests with these conditions can help establish
the AK,g-rate relation for the material of interest.
Tests at the lower stress ratios are then used to help
determine the proper constraint factor to correlate
the crack-growth rates as a function of AKg.

7.2.2. Mini-TWIST Spectrum Loading

In the cooperative test program, the Mini-
TWIST loading sequence was used for both small-
and large-crack tests. One of the most important fea-
tures of the crack-closure model and life-prediction
program (ref. 56) is the ability to calculate the effect
of loading history on crack-opening stresses. Typi-
cal crack-opening stresses for the Mini-TWIST load-
ing sequence for a small surface crack in the SENT
specimens and for a large crack in the center-crack
specimens are presented in the following sections.

7.2.2.1. Small crack. In the small-crack simula-
tion, the same initial defect-void size (a;, ¢;, b) was
used as for the constant-amplitude loading cases. A
variable-constraint option was selected for this sim-
ulation. (See refs. 56 and 64.) Thus, o = 1.8 for
crack-growth rates less than 7 x 107* mm per cy-
cle and 1.2 for rates greater than 7 x 1073 mm per
cycle. (See sec. 8, “Fatigue Crack-Growth Rate and
Life Prediction.”) The mean flight stress in the Mini-
TWIST spectrum was 73 MPa (Spax = 190 MPa).
Figure 68 shows crack-opening stress (normalized by
the peak stress in the spectrum) as a function of the
ratio of applied cycles N to Ny (Ny = 800000 cycles
for these particular conditions). Only a part of the
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Figure 66. Calculated crack-opening stresses for various con-
straint factors as function of crack length for small crack.
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Figure 67. Calculated crack-opening stresses for various
constant-amplitude loadings as function of crack length
for small crack.

opening stresses calculated from the model is shown
in the figure. These results show that the opening
stresses start near the minimum stress in the spec-
trum and rise as the crack grows. Crack-opening
stresses generally level off at N/Ny = 0.6 to 0.9. The
rapid jump in S}/ Smax for N/Ny ~ 0.92 is caused by
the change in constraint from 1.8 to 1.2 during higher
crack-growth rates. Incidentally, the surface crack
became a through crack (a/t = 1) at N/Ny; = 0.9.

7.2.2.2. Large crack. Two objectives in the
test program were to test CCT specimens with the



Mini-TWIST loading sequence to obtain large-crack
data that could be compared with those of small
cracks and to compare experimental and predicted
crack length against cycles based on the crack-closure
model. In the latter case, the CCT specimens were
fatigue precracked at R = 0 from an initial sawcut
notch ¢, to a predetermined ¢;; then the specimen
underwent spectrum loading until failure. The max-
imum precracking stress was 50 percent of Spax in
the spectrum.

Figure 69 shows some calculations from the model
during both fatigue precracking and spectrum load-
ing. Again, the crack-opening stresses have been nor-
malized by Smax. From ¢; to about 20 mm, the crack-
opening stresses oscillate about a mean value. The
constraint factor during most of these calculations
was 1.8. Beyond about 20 mm, the constraint fac-
tor was 1.2 rather that 1.8 and higher crack-opening
stresses were calculated. A drop in crack-opening
stresses was calculated for ¢; approaching w. The
specimen failed when the crack length was about
90 percent of the specimen width.

7.3. Crack-Opening Stress Equations

Crack-opening stress equations for constant-
amplitude loading were developed to facilitate the
determination of A K, g-against-crack-growth-rate
relations for a given material, thickness, and envi-
ronmental conditions. (See ref. 71.) These equa-
tions were developed from calculations made in the
original model. However, because the method of
calculating crack-opening stresses was modified to
account for extreme crack-growth conditions, these
equations have been modified. In the following sec-
tions, the original crack-opening stress equations and
their modifications are presented. These equations
are used in section 8 to correlate fatigue crack-
growth rates for constant-amplitude loading condi-
tions. Because the crack-closure model gives crack-
opening stresses for only 2D crack configurations
(plane-stress or simulated plane-strain conditions),
further modifications have also been developed for
surface- and corner-crack growth to account for vari-
ations in opening stresses along the crack front.

7.8.1. Constant-Amplitude Loading

The original crack-opening stress equations devel-
oped in reference 71 are presented here for complete-
ness. These equations were developed by fitting to
the calculated results from the closure model for a
CCT specimen. Note that the crack-opening stress
was calculated from equation (15) where n is replaced
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b = 0.5 um
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Figure 68. Calculated crack-opening stresses for small crack
in 7075-T6 alloy for Mini-TWIST load sequence as ratio
of applied to failure cycles.
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Figure 69. Calculated crack-opening stresses for large crack in
LC9c¢s alloy for constant-amplitude precracking and Mini-
TWIST load sequence.

by n — 1 (original formulation). The equations were
given by

So

Smax

= Ap+A R+ AR+ A3R®  (for R > 0) (17)

and

So =Ap+ AR

Smax

(for R < 0) (18)

Where R = Sm]n/Smax, Smax < 0.800, Smm > —0p,
S, = Smin if So/Smax is less than R, and S,/Smax =0
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if S5/Smax is negative. The A; coefficients are func-
tions of a and Spax/0e and are given by

a1 )
Ao = (0.825 — 0.34a + 0.05a?) (cos”sg“i)
o

SmaxF
A = (0. —0.071lq) ———
41 (0 415 0.07 (Y) oy > (19)
Ap=1—Ag— A1 — A3
Az =240+ A1 -1 J

for @« = 1 to 3. The boundary-correction factor F'
was added to these equations later to account for the
effect of finite width on crack-opening stresses. {See
ref. 70.)

7.3.2. Extreme Crack-Growth Rates

A modification to correct the original crack-
opening stress equations for large-crack-growth ex-
tensions or rates was developed in reference 70. As
discussed, a portion of the nth element was included
in the calculation of crack-opening stress. (Sce
eq. (15).) In the closure model analysis, the nth cle-
ment always carried —o, during unloading; the con-
tribution of this clement to the crack-opening stress
was estimated as follows. An approximate equation
for S/ for constant-amplitude loading was derived
from stress intensity factors for a crack in an infinite
plate based on the assumption that the contact stress
distribution was linear. The assumed contact stress
distribution along the crack surfaces varied from —o,
at the crack tip to zero at the end of the contact re-
gion. The modification to correct the crack-opening
stress equation is given by

A S
8! =8, + 0.30, Y= (for = < 0.6) (20)
F 0o

where Ac is the crack-growth increment (or rate per
one cycle). The boundary-correction factor F' was
again added to account for the effect of finite width.
The quantity S, is calculated from equations (17)-
(19). Comparisons with the model (ref. 70) showed
that equation (20) was reasonably accurate for a
range of constant-amplitude loading conditions in
which Sinax/00 < 0.6. The difference between S, and
S, was significant (greater than a 2-percent effect on
crack-opening stresses) only for growth rates greater
than about 1072 mm per cycle. For Smax/c0 > 0.6,
the crack-opening stresses should be obtained from
the FASTRAN 1II code (ref. 56) by conducting an
analysis of the test specimen.
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7.8.3. Surface- and Corner-Crack Growth

Early studies on crack growth predictions of
semielliptical surface cracks demonstrated that
surface-crack growth cannot be predicted solely by
stress intensity factor ranges. (See refs. 72 and 73.)
For R = 0 loading, small semicircular surface cracks
grow in a self-similar fashion, although the stress in-
tensity factor at the free surface is about 10 percent
higher than the value at the maximum depth for low
values of a/t. To account for this difference, Newman
and Raju (ref. 72) multiplied the stress intensity fac-
tor range at the free surface by 0.9 and Jolles and
Tortoriello (ref. 73) used 0.91. This factor was re-
lated to the crack-closure differences at the two loca-
tions. Assuming that crack closure at the free surfacc
was plane stress and at the maximum depth location
was plane strain, a crack-closure factor ratio Gp was
derived and is given by

Br=09+02R? - 0.1R! (21)

for R > 0 and 8 = 0.9 for R < 0. Therefore, for
surface cracks, AK at the intersection of the crack
front with the free surface is multiplied by 8z. How-
ever, for corner cracks, the stress intensity factors
at the locations where the crack front intersects the
free surface and the hole or notch surface are both
multiplied by 8p.

8. Fatigue Crack-Growth Rate and Life
Prediction

In the following sections, the experimental data
on small and large cracks in the two aluminum al-
loys are summarized and compared with calculations
or predictions from a AK-based analysis and the
crack-closure model. First, the crack-growth rates
for large cracks and for constant-amplitude loading
are correlated by usc of AK,g calculated from the
closure model. Similarly, the A K g-rate relation for
cracks growing in the sheet thickness direction is
established. The large-crack AKg-rate relation is
then used to predict crack growth for Mini-TWIST
spectrum loading. The small-crack data on initia-
tion sites, shapes, length against cycles, and rates
for both constant-amplitude and Mini-TWIST spec-
trum loading are reviewed and compared with pre-
dictions from the crack-closure model. Finally, a to-
tal fatigue life-prediction method is verified from the
AK g-rate relations and the information obtained
on small-crack initiation sites at material microstruc-
tural defects (inclusion particles or voids) and at slip-
band locations in the cladding layer.



8.1. Correlation of Large-Crack-Growth
Rates

To use the crack-closure model and life-prediction
code, FASTRAN II (ref. 56), an effective stress inten-
sity factor range against crack-growth rate relation
must be obtained for the material, thickness, and en-
vironmental conditions of interest. The growth rates
of large cracks for constant-amplitude loading and
laboratory air were correlated against AK.g with
equations developed from the crack-closure model.
(See sec. 7.3.) The following section describes how
the A K g-rate relation was obtained from the large-
crack data.

Center-crack tension specimens were used to ob-
tain crack-growth rates for large cracks (¢ > 2 mm)
in the 7075-T6 and LCO9cs aluminum alloy shcets.
Tests were conducted for R = —1 to 0.5. In the
past, the spread in the AK g-rate results as a func-
tion of R, as shown in figures 23 and 25, has been
used to estimate o for the closure model. The con-
straint factor is selected by trial and error to collapse
the data onto a nearly single curve of AK, g against
rate. From past analyses on several aluminum alloys
(refs. 64 and 65), o = 1.7 to 1.9 has been shown to
correlate constant-amplitude data for a wide range
in rates. The effective stress intensity factor (ref. 22)
is given by

Sl
1-— 3,_0_
AKof = Kmax — K, = AK—I—_% (22)

where K| is the stress intensity factor at the
crack-opening stress and S) was calculated from
equations (17)-(20).

8.1.1. 7075-T6 Aluminum Alloy

The AKg-rate relation for 7075-T6 alloy is
shown in figure 70 for R = -1, 0, and 0.5. The
data correlated quite well onto a nearly single curve
with several transitions in slope at about the same
rate for all stress ratios. Some differences were ob-
served in the threshold regime, however. For these
calculations, o = 1.2 was used for rates greater than
7 x 1073 mm per cycle (end of transition from flat-
to-slant crack growth), and o = 1.8 (nearly equiva-
lent to Irwin’s plane-strain condition) was used for
rates lower than 7 x 1074 mm per cycle (beginning
of transition from flat-to-slant crack growth). For
intermediate rates, a was varied linearly with the
logarithm of crack-growth rate. The solid symbols
denote measured rates at the transition from flat-
to-slant crack growth from the cooperative program
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Figure 70. Effective stress intensity factor range against crack-
growth rates for large cracks in 7075-T6 aluminum alloy
for various stress ratios.
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Figure 71. Transition from tensile to shear mode fatigue crack
surfaces.

and from Vogelesang (ref. 74). (See illustration in
fig. 71.) Schijve (ref. 75) has shown that the transi-
tion from flat-to-slant crack growth occurs at nearly
the same rate for a range of stress ratios. Newman,
Swain, and Phillips (ref. 64) have proposed that the
flat-to-slant crack-growth transition region may be
used to indicate a change from nearly plane-strain to
plane-stress behavior and, consequently, to indicate a
change in constraint. The importance of the variable-
constraint option is shown later in crack-growth
predictions made for the Mini-TWIST spectrum
loading.

In the low crack-growth rate regime near and
at the threshold, some tests (ref. 24) and analyses
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Figure 72. Effective stress intensity factor range against crack-
growth rate from cooperative program and Hudson'’s data
for 7075-T6 aluminum alloy.
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Figure 73. Effective stress intensity factor range against crack-
growth rates for large cracks in LC9cs aluminum alloy for
various stress ratios.

(ref. 23) have indicated that the threshold devel-
ops because of a rise in crack-opening stresses at-
tributable to the load-shedding procedure. If a rise
in crack-closure behavior does occur in the thresh-
old regime, then the actual AK g-rate results would
lie at lower values of AK_.g because the rise in
crack-opening stresses has not been accounted for in
the crack-closure model analysis. Further study is
needed, however, to establish the actual AK g-rate
behavior in this regime. The solid lines shown in
figure 70 were drawn to fit dc/dN results; they are
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used later to compare with da/dN results generated
in the sheet thickness direction. The da/dN data
from small cracks are then used to help establish the
AK g-rate relation in the a-direction.

Figure 72 shows a comparison of large-crack
(dc/dN) AKg-rate results from the cooperative pro-
gram (baseline) with data obtained from Hudson
{ref. 59) for a larger range of stress ratios than that
used in the cooperative program. Although Hudson
used a CCT specimen that was four times wider than
the one used in the coopcrative program, the data
correlated reasonably well with the baseline relation
except in the high crack-growth-rate regime. In this
region, a plasticity-corrected AK.g may be required
to correlate these data. (See ref. 70.) Herein, only
the elastic stress intensity factors are used.

8.1.2. LCI9cs Aluminum Alloy

The AK.g-rate results for the clad alloy are
shown in figure 73. Again, the data for R = —1, 0,
and 0.5 correlated quite well onto a single curve. As
before, some differences were observed in the thresh-
old region. For these calculations, the same variable-
constraint regime that was selected for the 7075-T6
alloy was also used for the LC9cs alloy. A compar-
ison of the baseline curves for 7075-T6 and LC9cs
alloys showed similar trends, with the transitions in
slope occurring at about the same rates. Therefore,
the upper portion of the data for the 7075-T6 alloy
was used to estimate the upper portion for the LC9cs
alloy.

8.2. Effective Stress Intensity Factor
Relations for Small Cracks

The surface-crack data from the small-crack test
program produced data in the a-direction. Because
the crack-opening behavior of small cracks stabilizes
after a small amount of crack growth (about 40 um
for the tests in which R = —1, see fig. 67), these data
may be used to help establish effective stress intensity
factor relations in the a-direction. Based on a similar
AKg analysis to the one discussed for cracks grow-
ing in the c-direction, baseline curves were developed
for cracks growing in the a-direction. Comparisons
among predictions made with these baseline curves
and experimental data are made later.

8.2.1. 7075-T6 Aluminum Alloy

The large-crack baseline results for de/dN
(fig. 70) are shown in figure 74 as the solid lines.
As mentioned, the data for rates less than about
1.0 10~® mm per cycle (point A) may be affected by
closure due to the load-shedding procedure (refs. 23
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Figure 74. Effective stress intensity factor range against crack
growth for small and large cracks in a- and c-directions
for 7075-T6 aluminum alloy.
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Figure 75. Effective stress intensity factor range against crack-
growth for small and large cracks in a- and c-directions
for LC9cs aluminum alloy.

and 24), which is not accounted for in the crack-
opening stress equations. (See cgs. (17) and (18).)
Thus, the AK g values for steady-state large-crack
growth may be lower than those shown by the solid
line. Further study is needed to resolve the issues
associated with threshold behavior. The dashed line
near point A is an estimate for steady-state da/dN
and de/dN behavior. This estimate was found by
trial and error to fit the endurance-limit behavior
from fatigue tests (shown later). An evaluation of
these AK,g-rate relations is made later for both
small-crack growth and fatigue-life predictions.

Beyond 1.0 x 10~° mm per cycle (point B) da/dN
results (dotted line) deviated from dc/dN results
(solid lines). This deviation is expected because a
crack growing in the a-direction grows through a
much different grain structure (see fig. 41) than one
growing in the c-direction. (See refs. 56 and 57.) The
upper portion of the da/dN relation (dotted line) was
assumed parallel to dc/dN, and the final change in
slope was assumed to occur at the same rate.

Instead of an equation to relate crack-growth rate
to AK.fq, a table lookup procedure was chosen. The
primary advantage of a table is that the bascline
data can be described more accurately than with
a multiparameter equation, especially in fitting the
transitional regions. Multilinear segments were used
to define the baseline A K, g-rate relations in the a-
and c-directions. These relations were then used in
the analyses to predict small- and large-crack-growth
rates and fatigue lives for constant-amplitude and
spectrum loading. The end points of these segments
are listed below:

AK.g, dc/dN, da/dN,
MPa-m!/2 m/cycle m/cycle
0.9 1.0 x 1071 1.0 x 1071
1.25 1.0 x 107° 1.0 x 1079
3.0 1.0 x 1078 1.0 x 1078
4.0 6.3 x 1078
10.0 1.0 x 108
124 1.0 x 1078
14.8 1.0x107°
23.0 1.0 x 1074
28.4 1.0 x 1074

For values below or above the extremes listed in the
above table, a power law that employed the first
or last two points, respectively, was used to obtain
rates. The upper limit for the power-law relation is,
of course, defined by fracture toughness, which was
50 MPa-m!/2. A lower limit or small-crack threshold
(AKeg)in was estimated to be 0.9 MPa-m!/? on the
basis of the fatigue limits predicted in section 8.6.

8.2.2. LCYcs Aluminum Alloy

The dc/dN baseline data for the LC9cs alloy
(fig. 73) is shown in figure 75 as the solid lines.
Cracks in the core of the LC9cs alloy exhibit quite
similar effects as those observed for the 7075-T6 alloy.
The steady-state large-crack AK.g-rate relation in
both the a- and c-directions was assumed to be the
dashed line near point A. Again, this behavior was
found by trial and error but was closely modeled after
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the data for the 7075-T6 alloy. Evaluations of these
A K g-rate relations are made later in comparisons
between cxperimental and calculated small-crack-
growth rates and fatigue-life predictions.

Beyond 1.0 x 1075 mm per cycle (point B), the
da/dN results (dotted line) again differed from the
dc/dN results (solid lines). The upper portions of the
da/dN and dc/dN relations were assumed parallel to
the de/dN relation for the 7075-T6 alloy.

Linear segments in figure 75 that define the base-
line AKg-rate relations in the a- and c-directions
were used in all subsequent analyses. These relations
were used to predict small- and large-crack-growth
rates and fatigue lives. The end points of these seg-
ments are listed below:

AKqq, dc/dN, da/dN,
MPa-m!/2 m/cycle m/cycle
09 1.0 x 10711 1.0 x 1071
1.25 1.0 x 1079 1.0 x 1079
3.4 1.0 x 1078 1.0 x 1078
5.2 1.0 x 1077
11.9 1.0 x 106
14.8 1.0x 1076
17.6 1.0 x 1078 :
27.5 1.0 x 1074
34.0 1.0 x 1074

Again, for values below or above the extremes listed
in the above table, a power law that employed the
first or last two points, respectively, was used to
obtain rates. The upper limit is defined by the
fracture toughness, which was also 50 MPa-m!/2.
The (AK,g)i, Was estimated to be 0.9 MPa-m!/2
based on fatigue limits predicted in section 8.6.

8.3. Prediction of Large-Crack Growth

Several tests in the cooperative program were
conducted on CCT specimens to monitor large-crack
growth for the Mini-TWIST loading spectrum. For
these tests, a constant-amplitude precracking stress
(R = 0 and Spax = 1.3Sy,¢) was used to grow a crack
from the starter notch until a crack half-length had
reached about 6 mm. At that point, the spectrum
was applied until the specimen failed. These tests
were used to evaluate the crack-closure model and
life-prediction code (ref. 56) on large-crack growth.

8.3.1. 7075-T6 Aluminum Alloy

Five tests were conducted on the 7075-T6 alloy
at three different S;¢ levels. These test results are
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Figure 76. Experimental and predicted crack length against
cycles for large cracks in 7075-T6 aluminum alloy for Mini-
TWIST load sequence with constant constraint factor.

shown in figure 76. To illustrate the importance
of the variable-constraint option for spectrum crack
growth in aluminum alloys, the first set of predic-
tions was made with a constant constraint factor
{a = 1.8). The solid curves show the predictions; the
predicted results for the two lowest S levels were
within £20 percent of the test results. However, the
predicted cycles to failure for the highest Sy case
were considerably less than the test results, but the
predicted results using the variable-constraint option
a = 1.8t0 1.2, as shown in figure 77, agreed well with
all of the test results (within £20 percent).

8.8.2. LCYcs Aluminum Alloy

Figure 78 shows the test results for five specimens
made of LC9cs alloy. Here, only two St levels were
tested. Once again, variable a was used to predict
crack length against cycles. Because the initial crack
sizes for the low S tests varied, the smallest and
largest initial crack sizes were used in the predictions.
Although the curves of the predicted crack length
against cycles did not match those of the test results
near failure, the test results generally fell within the
upper and lower bounds. However, the two tests
at Sp,r = 34.5 MPa showed a large difference. The
predicted results here fell within a factor of 2 of the
average of these two tests. The radical change in
the predicted crack length against cycles curve at
about a 20-mm-long crack was caused by one of the
severest flights in the spectrum that activated the low
constraint value. The crack-opening stress history for
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Figure 77. Experimental and predicted crack length against
cycles for large cracks in 7075-T6 aluminum alloy for Mini-
TWIST load sequence with variable constraint factor.
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Figure 78. Experimental and predicted crack length against
cycles for large cracks in LC9cs aluminum alloy for Mini-
TWIST load sequence with variable constraint factor.

this particular test is shown in figure 69 in which the
crack-opening stress levels rapidly rise at ¢ ~ 20 mm.
One of the tests showed a corresponding decrease in
rate at ¢ = 22 mm.

8.4. Initiation Sites and Crack Shapes for

Small Cracks

One of the most difficult tasks in monitoring the
growth of small surface or corner cracks is determin-

ing the crack shape. In many early reports of small-
crack growth, researchers used the experimental cal-
ibration method in which specimens were broken at
various stages and microscopic examinations of the
fatigue surfaces revealed the crack shape. In many of
these investigations, the researchers found that small
cracks grow in nearly a semicircular shape (a/c =
0.9 to 1.1). For large surface cracks in some com-
mercial alloys, the preferred propagation pattern is
also nearly semicircular. (See ref. 55.) However, for
highly anisotropic or textured materials, the propa-
gation patterns are different. (See ref. 76.)

In the following sections, comparisons are made
between experimental and predicted crack shape
changes for surface and corner cracks at the edge
notch for the two alloys. Because surface cracks gen-
erally initiate at inclusion particle clusters or voids in
the 7075-T6 alloy, only surface cracks are considered.
However, cracks in the LC9cs alloy nearly always ini-
tiate in the cladding layer and grow as corner cracks;
therefore, only corner cracks are considered. Because
the crack-growth rate properties are different in the
a- and c-directions, analyses conducted here also ad-
dress the influence of the two A Keg-rate relations on
surface- and corner-crack shape changes as the cracks
grow along the notch root. Comparisons are made
with the test data generated by NASA and CAE.

8.4.1. 7075-T6 Aluminum Alloy

Figures 79 and 80 show the crack shape changes
for the 7075-T6 alloy. These figures show a/c against
a/t. The solid symbols show the sizes and shapes
of inclusion-particle clusters or voids that initiated
the small cracks (average size was a; = 3 pm and
¢; = 9 um). The data for a/c against a/t were de-
termined from the experimental calibration method
(specimens were broken at various stages in life
and examined to determine the crack depths and
lengths). In the analyses shown in figure 79, two dif-
ferent rate relations were used for da/dN. One anal-
ysis assumed that da/dN was the same as dc/dN as
a function of AK.g; the other analysis assumed that
the two relationships were different as presented in
the table on page 53. In the calculations, R = 0
and Smax = 120 MPa. The predicted shape with
the same A K, g-rate relations is shown as the dashed
curve. The solid curve shows the predictions made
with different rate relations for da/dN and dc/dN.
In both analyses, the initial crack was an average of
the inclusion particle sizes. Points A and B relate
to the corresponding points shown in figure 74. At
point B the AK g-rate relations begin to differ and
a radical change in predicted crack shape is evident.
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Figure 79. Experimental and predicted surface-crack shape
changes in 7075-T6 aluminum alloy for same and different
AKg curves in a- and c-direction for R = 0.
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Figure 80. Experimental and predicted surface-crack shape
changes in 7075-T6 aluminum alloy for various stress
ratios.

For a/t > 0.1, the solid curve falls closer to the lim-
ited test data (symbols) than the dashed one. The
tests and analyses show that small cracks approach
a/ec of about unity for a large part of their growth
through the thickness.

Figure 80 shows the effect of stress ratio on crack

shape. The results from the Mini-TWIST spec-
trum are also shown. The spectrum has an over-
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Figure 81. Experimental and predicted corner crack shape
changes in LC9cs aluminum alloy for same and different
AKq g curves in a- and c-directions with clad correction
for R = —1.

all R = —0.23 (minimum to maximum stress in the
spectrum). Maximum stress levels in the analyses
were like those in the tests; however, the da/dN
and dc/dN relationships were different. The sharp
changes in crack shape as a function of a/t were
caused by the multilinear AK g-rate curves. The
predicted results for all stress ratios agreed reason-
ably well with the test data.

8.4.2. LCYcs Aluminum Alloy

Comparisons between tests and analyses on crack
shape changes in the LC9cs alloy are shown in fig-
ures 81 and 82. Again, these figures show a/c
against a/t. The average cladding-layer thickness
was about 60 pm (indicated as the vertical line). As
discussed, the experimental a/c and a/t values (sym-
bols) were determined from the experimental calibra-
tion method. In the analyses shown in figure 81, two
different rate relations were used for da/dN. In one
analysis, da/dN was equal to dc/dN as a function
of AK.g (dashed curve); in the other analysis (solid
curve), the two relationships were different as pre-
sented in the table on page 54. Here, the calculations
were performed with R = —1 and Smax = 80 MPa.
In both analyses, the initial crack was 77 ym in both
the a- and c-directions. Again, points A and B re-
late to corresponding points on figure 75. Point B is
where the AK g-rate relations begin to differ. The
solid curve falls closer to the test data at R = —1
(symbols) than the dashed one and indicates that
different AK g curves are appropriate.
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Figure 82. Experimental and predicted corner crack shape
changes in LCY¢s aluminum alloy for various stress ratios.
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Figure 83. Experimental and predicted small surface crack
growth in 7075-T6 aluminum alloy SENT specimens.

Figure 82 shows the influence of R on crack shape
for the LCOcs alloy. Again, the initial crack size
was 77 um (a;/¢; = 1) and the levels of Spax in the
analyses were the average of those used in the tests.
Although the predicted results for R = —1 agreed
with the test results, those for R = 0 and 0.5 did not
agree. The reason for the different trends between
tests and analyses could not be determined.

8.5. Prediction of Small-Crack Growth

In the following, comparisons are made between
measured and predicted crack length against cycles

for typical constant-amplitude loading conditions.
Comparisons are also made on crack-growth rates
against AK for small cracks for all cooperative pro-
gram loading conditions. All experimental small-
crack-growth results were analyzed with the non-
interaction criteria. (See sec. 6.5.) Baseline results
from the large-crack tests (see sec. 5) are also shown
for comparison. Note that the small-crack growth
rates are calculated for da/dN, whereas the large-
crack rates are for dc/dN.

8.5.1. 7075-T6 Aluminum Alloy

Typical results of crack length against cycles for
small cracks are shown in figure 83 for R = —1.
These results were selected because previous stud-
ies have shown that the small-crack effect is more
pronounced at negative stress ratios than at positive
ones. The depth L from the plastic-replica method is
plotted against cycles. The solid and dashed curves
show NASA and CAE results, respectively. Based on
an initial defect (or void) size (@; = 3 pm, ¢; = 9 pm,
and b = 0.5 ym) in the analysis, the predicted results
(dotted curve) fall considerably shorter than those
in the tests. Because the plastic-replica method af-
fected fatigue life (by about a factor of 2 at this stress
level) and possibly small-crack-growth rates, the re-
sults shown in figure 83 may be expected.

Comparisons of experimental and predicted
growth rates for small cracks are shown in figures 84—
87 for R = -1, 0, 0.5, and Mini-TWIST load-
ing, respectively. Even though the range in Smax
in each test series is indicated, no stress-level effect
was apparent in the test data; thus, all data have
been grouped. In some cases, however, a range of
stress levels was used in the analyses to show ex-
pected trends. The dotted lines show the large-crack
(de/dN) results and the dashed lines show the AKg-
rate curve used in the analyses for da/dN.

Results for R = —1 are shown in figure 84. The
solid curves show the predicted results based on an
initial defect (or void) size of 3 by 9 by 0.5 pm for
a range of maximum stress levels. All predictions
start on the AK.g curve because cracks at small
voids are assumed to be fully open on the first cycle
and AK = AK.g. Clearly, the model predictions
did not agree well with the test data for Spax = 80
to 95 MPa in the near-threshold regime. However,
the predictions did agree with the test data in the
mid- and high-rate range. At 70 MPa, the predictions
show that the crack nearly arrested (minimum rate)
at AK =~ 2 MPa-m!/2. At this point AK,g was
slightly greater than 0.9 MPa-m!/2, the effective
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Figure 84. Experimental (Spax = 80 to 95 MPa) and predicted
small surface crack-growth rates against AK in 7075-T6

aluminum alloy SENT specimens at R = —1.
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Figure 85. Experimental (Smax = 120 to 140 MPa) and
predicted small surface crack-growth rates against AK
in 7075-T6 aluminum alloy SENT specimens at R = 0.

threshold for small cracks. (Note that the fatigue
limit for R = —1 was about 70 MPa, see sec. 8.6.1.)

The comparison of experimental and predicted
results for R = 0 is shown in figure 85. The
observed trends are nearly identical to those for
R = —1, except that the cracks in the mid- to high-
rate range grew more slowly than those predicted
(solid curve). As R increases, the spread between the
large-crack AK-rate and AKgg-rate curves lessens,
which helps explain why the small-crack effects are
not as pronounced as those observed for £ = —1.
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Figure 86. Experimental (Smax = 195 to 220 MPa) and
predicted small surface crack-growth rates against AK
in 7075-T6 aluminum alloy SENT specimens at R = 0.5.
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Figure 87. Experimental (Smax = 190 to 208 MPa) and
predicted small surface-crack growth rates against AK
in 7075-T6 aluminum alloy SENT specimens for Mini-
TWIST load sequence.

Whereas the previous results for R = —1 and 0
had elastic notch-root stresses, the test conditions
for R = 0.5 caused the notch root to yield. For
these conditions, small cracks were observed to grow
at considerably slower rates than those measured for
large cracks at AK values greater than the large-
crack threshold. (See fig. 86.) Of course, the plastic-
replica method may be partly responsible, but this
effect has been observed for 2024-T3 aluminum alloy
(ref. 19) wherein the replica method did not appear



to have a significant effect. The slower rates for small
cracks are still being investigated.

The measured and predicted small-crack-growth
rates for the Mini-TWIST loading are shown in fig-
ure 87. Here the average crack-growth rate is plot-
ted against the maximum range stress intensity fac-
tor. (See secs. 3.6.1 and 3.6.2.) To determine the

predicted values, crack depth (2a) and cycle results

were taken from the analysis at nearly equal cyclic
intervals between the initial crack depth and break-

through (@ = t). From these values of crack depth

and cycles, the average rate and maximum range
stress intensity factor were calculated. The pre-
dicted results and experimental data showed similar
trends, but the predicted rates were generally faster
than those from the experiments. Again, the plastic-
replica method may be responsible for some of the
observed differences. At Spax = 200 MPa, fatigue
tests in which the replica method was used gave fa-
tigue lives that were nearly a factor of 2 longer than
tests without the replicas.

8.5.2. LCY9cs Aluminum Alloy

A comparison of experimental and predicted
crack length against cycles for small cracks in the
LC9cs alloy for R = —1 loading is shown in figure 88.
The measured L from the plastic-replica method is
plotted against cycles. The solid and dashed curves
show data from CAE and NASA, respectively. In the
analysis, a 77-um quarter-circular corner crack was
assumed for the initial crack size. From the exper-
iments, this particular crack size seems reasonable.
The predicted results (dotted curve) agreed well in
the early growth period but showed slower rates for
longer crack lengths. However, results from several
tests, which were stopped at about 22 000 cycles, may
have agreed better with the prediction if they had
been allowed to continue.

Figures 89-92 show comparisons of the experi-
mental and predicted AK against rates for small
cracks for B = -1, 0, 0.5, and Mini-TWIST load-
ing, respectively. Again, no stress-level effect was
apparent in the test data; therefore, all data have
been grouped. The dotted curves show the large
crack (dc/dN) results and the dashed lines show the
AK. g-rate relation used in the analyses for da/dN.
Predictions are shown as solid curves.

Figure 89 shows comparisons of experimental and
predicted rates on the LC9cs alloy for R = -1
loading. The solid curves show the predicted results
with a 77-pm initial corner crack for a range of Smax.
All predictions start on the AK g curve because the
initial crack is assumed to be fully open on the first
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Figure 88. Experimental and predicted small corner-crack
growth in LC9c¢s aluminum alloy SENT specimens.
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Figure 89. Experimental (Smax = 70 to 90 MPa) and predicted
small-crack-growth rates against AK with small-crack
clad correction in LC9cs aluminum alloy SENT specimens
at R=—1.

cycle. As the corner crack grows, the residual plastic
deformations build along the crack surfaces and cause
the crack-opening stresses to stabilize at the large-
crack conditions. Here, the predictions begin to agree
with the large-crack results. The predictions from
the model agree well with the test data for Spax =
70 to 90 MPa in the early stages of crack growth,
but the predicted rates seem to be slightly low in
the mid- to high-rate range. At Smax = 50 MPa,
the predictions show a large drop in crack-growth
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Figure 90. Experimental {Smax = 100 to 115 MPa) and pre-
dicted small-crack-growth rates against AK with small-
crack clad correction in LC9cs aluminum alloy SENT
specimens at B = 0.
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Figure 91. Experimental (Smax = 165 to 180 MPa) and pre-
dicted small-crack-growth rates against AK with small-
crack clad correction in LC9cs aluminum alloy SENT
specimens at R = 0.5.

rates, similar to those for the 7075-T6 alloy. This
drop in rate is caused by a crack-closure transient, as
illustrated in figure 65. The crack would have been
predicted to arrest if Spmax = 40 MPa had been used.
Again, the effective threshold for small cracks was
assumed to be 0.9 MPa-m!/2. The fatigue limit for
R = —1 was about 40 MPa.

A comparison of experimental and predicted re-
sults for R = 0 is shown in figure 90. Here, data on
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Figure 92. Experimental and predicted small-crack-growth
rates (Smax = 125 to 170 MPa) against AK with small-
crack clad correction in LC9cs aluminum alloy SENT
specimens for Mini-TWIST load sequence.

both surface and corner cracks are shown. However,
only corner-crack growth was predicted for the LC9cs
alloy (solid curve). The predicted results agreed quite
well with the test results.

The results for R = 0.5 are shown in figure 91.
Again, small surface and corner cracks were observed
to grow at slower rates than those measured for large
cracks at AK values greater than the large-crack
threshold. This slower growth may have resulted
because the notch root yielded. Attempts to explain
this observed effect from crack closure, constraint, or
crack-shape changes have been unsuccessful. Further
study is needed to determine the cause of this slower
growth.

The rates for measured and predicted small-
crack-growth rates for the Mini-TWIST loading are
shown in figure 92. The predicted rates (solid curve)
agreed well with the experiments for both small and
large cracks.

8.6. Prediction of Fatigue Life

All of the elements are now in place to assess a
total fatigue-life prediction methodology based solely
on crack propagation from microstructural features,
such as the inclusion-particle clusters (or voids) and
the cladding layer. The fatigue tests that were con-
ducted in the early part of the cooperative program
are now used in this assessment. In this approach,
a crack is assumed to initiate and grow at the notch
root on the first cycle. The crack-closure model and
the baseline A K g-rate relations are used to predict
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Figure 93. Experimental and predicted fatigue lives for 7075- -

T6 aluminum alloy at various stress ratios.
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Figure 94. Experimental and predicted fatigue lives for 7075-
T6 aluminum alloy for Mini-TWIST load sequence.

crack growth from the initial crack size to failure.
Comparisons are made with the fatigue tests con-
ducted on the SENT specimens. Because these tests
were standard fatigue tests, the effects of the plastic-
replica method on fatigue life for the 7075-T6 alloy
are not an issue.

8.6.1. 7075-T6 Aluminum Alloy

The S-N data for the 7075-T6 alloy are shown in
figures 93 and 94 for constant-amplitude and Mini-
TWIST spectrum loading, respectively. A symbol
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Figure 95. Experimental and predicted fatigue lives for LC9cs
aluminum alloy at various stress ratios.

indicates a failure; when an arrow is attached, that
test was terminated before failure. In the analysis,
the initial crack size was ¢; = 3 pm, ¢ = 9 pm,
and b = 0.5 um. This crack size is the average
defect size measured at actual crack-initiation sites.
The effective stress intensity factor range against rate
relations used in the analysis are given in the table
on page 53 and the (AKgg)in was assumed to be
0.9 MPa-m!/2. The FASTRAN II code (ref. 56)
was used to make life predictions for both constant-
amplitude and spectrum loading. The solid curves
show the predicted number of cycles to failure. The
predicted lives were in reasonable agreement with the
test lives for constant-amplitude loading. In addition
to predicting fatigue life, the analysis methodology
was also able to predict the fatigue limit as a function
of R. For spectrum loading, the predicted results
(fig. 94) fell near the lower bound of the data from
the experiments.

8.6.2. LCY9cs Aluminum Alloy

The results from experiments and predictions are
shown in figure 95 for constant-amplitude fatigue
tests on the LC9cs alloy. In these tests, the LC9cs
alloy exhibited more scatter than the 7075-T6 alloy,
especially at the R = 0.5 stress ratio condition.
The solid curves show predictions using the baseline
relations for da/dN and dc/dN given in the table on
page 54 (baseline A). To show the sensitivity of the
da/dN and dc/dN relations in the low-rate regime
on fatigue life, the dashed curves show the predicted
results from baseline B relations (as shown by the
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Figure 97. Experimental and predicted fatigue lives for LC9cs
aluminum alloy for Mini-TWIST load sequence.

dashed lines in fig. 96). In both analyses, the initial
corner-crack size was q; = 77 pum, ¢; = 77 pm,
and & = 0.5 pum. This crack size is somewhat
larger than the cladding-layer thickness, but it is
consistent with observations from experiments made
early in life. (See fig. 88.) Again, the effective stress
intensity factor threshold for small cracks (AK,g)in
was assumed to be 0.9 MPa-m!/2. The predicted
lives were in reasonable agreement with the test
results. In addition, the results indicated that the
analysis method also could predict reasonable fatigue
limits for the LC9cs alloy.
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Fatigue lives for the LC9cs alloy for Mini-TWIST
spectrum loading is shown in figure 97. The solid
and dashed curves show the predictions with the two
baseline relations (A and B). The predicted lives for
baseline A cross the test data at low stress levels, but
the results from bascline B fall near the lower bound
of the test data.

9. Conclusions

The National Aeronautics and Space Adminis-
tration and the Chinese Aeronautical Establishment
have participated in a Fatigue and Fracture Me-
chanics Cooperative Program. The objectives were
to study the behavior of small cracks in two high-
strength aluminum alloys, to compare experimen-
tal and analysis results from each laboratory, and
to cvaluate an existing analytical model to predict
the growth of such cracks. Both experimental and
analytical studies were conducted on fatigue crack
growth of small and large cracks in 7075-T6 bare
and LC9cs clad aluminum alloy sheets. The anal-
yses and experiments on single-edge-notch tension
(SENT) and center-crack tension {CCT) specimens
produced the following findings.

9.1. Analyses

1. Stress intensity factor solutions for surface and
corner cracks at a notch determined by the three-
dimensional finite-element method and by the
weight-function method generally agree within
+3 percent for a range of crack-configuration pa-
rameters. However, the finite-element method
requires a large mainframe computer, whereas
the weight-function method used a personal
computer.

2. Stress intensity factor solutions for a through
crack at a notch in a plate subjected to re-
mote uniform stress or displacement have been
determined by a two-dimensional boundary-force
method.

3. Stress intensity factor equations have been de-
veloped for a surface, corner, and through crack
at a notch for a range of crack-configuration
parameters.

4. A simple correction to estimate the influence of
the low-yield cladding material on stress inten-
sity factors for a corner crack at the notch has
been developed from a two-dimensional weight-
function analysis.

9.2. Experiments

1. Fatigue lives and small-crack-growth rates mea-
sured on SENT specimens for constant-amplitude



(1]

and Mini-TWIST spectrum loading from the two
laboratories agree well for all loading conditions.

. Large-crack-growth rates measured for three

constant-amplitude stress ratios (—1, 0, and 0.5)
from the two laboratories agrce well, although
slight discrepancies wcre observed in the near-
threshold regime.

Small cracks grew below the large-crack threshold
in both 7075-T6 and LC9cs alloys, especially for
the lower stress ratio tests. Small-crack effects
are more pronounced for the negative stress ratio
tests.

. Surface cracks in the 7075-T6 alloy initiate at

inclusion-particle clusters or voids at or near the
notch surface. More than 70 percent of the cracks
initiate in the middle half of the sheet specimen
thickness.

Corner cracks in the LC9cs alloy initiate from
slip-band formation in the cladding layers. More
than 90 percent of the cracks initiate at the
intersections of the notch and sheet surfaces.

. Both laboratories found that 80 to 97 percent of

the fatigue lives for the two alloys is spent in prop-

agating a crack from microstructural material de-

fects (inclusion particles or void) or the cladding
layer.

Fatigue lives, and presumably small-crack-growth
rates, in the 7075-T6 aluminum alloy are af-
fected by the plastic-replica method. However,
the LC9cs clad alloy is apparently unaffected by
this method.

Measured crack-growth rates of large surface and
corner cracks at the notch indicate that the crack-
growth properties in the length and depth direc-
tions probably differ.

9.3. Analytical Crack-Closure Model

1. For large cracks, the crack-closure concept corre-
lates fatigue crack-growth rate against the cffec-
tive stress intensity factor range data over 6 to 8
orders of magnitude in rate for threc constant-
amplitude stress ratio conditions.

2. The model predicts constant-amplitude and Mini-
TWIST spectrum loading trends for small cracks
like those observed in tests, especially for the
LC9cs alloy. The discrepancies for the 7075-T6
alloy are attributed to the effect of the plastic-
replica (acetone) method on small-crack-growth
rates.

3. The crack-closure model predicts crack length
against cycles for a large crack in a plate sub-
jected to the Mini-TWIST spectrum loading
within about £25 percent for the two alloys.

4. Using a microstructural defect (inclusion-
particle) size or the cladding-layer thickness as an
initial crack, a total fatigue-life prediction method
was demonstrated using the crack-closure model.

The cooperative program demonstrated that in-
ternational cooperation between research organiza-
tions can be fruitful. The coopcrative program has
advanced the state of the art in fatigue and frac-
ture mechanics and has provided the American and
Chinese aerospace industries with useful data from
experiments and with efficient analysis methods for
improving life prediction. These results should ulti-
mately improve the reliability and safety of aircraft
structures.

NASA Langley Rescarch Center
Hampton, VA 23681-0001
January 14, 1994
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Appendix A

Finite-Element Analyses of Surface and
Corner Cracks at a Semicircular Notch

In this section, the 3D finite-element analyses
used to calculate the stress intensity factors for
surface and corner cracks emanating from a semi-
circular notch are presented. The finite-element pro-
gram and method (singularity element and nodal-
force method) developed by Raju and Newman
(refs. 33 and 34) were used for semicircular and low-
aspect-ratio (low a/c) cracks. For large-aspect-ratio
cracks (a/c = 2), the finite-element program (non-
singular elements) developed by Shivakumar and
Newman (ref. 35) and the equivalent-domain integral
(EDI) method (ref. 36) were used because the latter
approach required less effort to generate large a/c
models than the former one. The stress intensity fac-
tors were obtained for a range of semielliptical surface
cracks at the center of the semicircular edge notch
and quarter-elliptical corner cracks at the edge of the
notch in a finite-thickness specimen. The ranges were
a/c=0.4to2and a/t = 0.2 to 0.8. The hole-radius-
to-plate-thickness (r/t) ratio was 3 for surface cracks
and 1.5 for corner cracks. The SENT specimens were
subjected to remote tensile loads.

Stress Intensity Factors

The mode I stress intensity factor for any location
along the crack front was expressed as

1/2

where j = s for a surface crack and j = ¢ for a corner
crack. The r/w ratio was 1/16 and the half-height
of the plate h was chosen large enough that height
would have a negligible effect on stress intensity
factors (h/w > 2). Values of F} were calculated
along the crack front for various combinations of
configuration parameters (a/t, a/c, and ¢). The
crack dimensions and parametric angle ¢ are defined
in figure Al. For an ellipse, Q is given by the square
of the complete elliptic integral of the second kind.
(See appendix D.)

Three-Dimensional Finite-Element
Analyses

Singularity Flements and Nodal-Force
Method

Stress intensity factor distributions in refer-
ences 77 and 78 for surface and corner cracks at
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a hole showed a precipitous drop near the region
where the crack meets the hole surface. This drop
was believed to have been caused by the boundary
layer effect. (See ref. 79.) However, comparisons
with other solutions in the literature (see refs. 48
and 80) showed that the stress intensity factors calcu-
lated by other investigators did not show this large
drop in the boundary layer region. Therefore, Tan
et al. (ref. 81) conducted a study to determine
whether this drop was real and, if not, to deter-
mine the source of the anomaly. The models used
in references 77 and 78 were reexamined; that exam-
ination revealed that the procedures used to gener-
ate the cracked solids produced models with some
ill-shaped elements in the region where the crack
intersects the hole boundary. The ill-shaped ele-
ments were defined as ones with aspect ratios greater
than 100. These elements do not affect the results if
they are in regions of small stress gradients. How-
ever, they may produce a stiffer model if they are
in regions of large stress gradients. For r/t = 1,
the elements in the region where the crack meets
the hole boundary had aspect ratios of about 150.
In the cooperative program, however, solutions were
needed for r/t = 3. The aspect ratio for ele-
ments created with this mesh generator produced
elements with aspect ratios of about 450! (Stress
intensity factor solutions were never published for
r/t > 2 (refs. 77 and 78).)

An investigation was undertaken (ref. 81) to study
the effect of these ill-shaped elements on the stress
intensity factor solutions and on the equations devel-
oped to fit these results. The investigation was con-
ducted in two parts: in the first part, improved proce-
dures were used to generate models for cracked solids
and several different finite-element models were de-
veloped; in the second part, several different methods

were used to extract the stress intensity factors from
the finite-element solutions. Three different finite-
element models were developed: model A used finite-
element patterns (eight-noded elements) that were
similar to those used in references 77 and 78 with the
ill-shaped elements, model B was a newly developed
finite-element model similar to model A but without
ill-shaped elements, and model C with eight-noded
elements used only nonsingular elements (without
any ill-shaped elements). Models A and B had about
15000 DOF. Model C had about 18000 DOF. Two
different LaRC computer programs (refs. 33 and 35)
were used to analyze the various models. These pro-
grams verified the consistency of the results and de-
termined whether undetected errors existed in the
codes or analyses. (Stress intensity factors reported
in NASA TM-101527 for a/c = 2 are in error because
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Figure Al. Specimen configurations and nomenclature for surface and corner crack at notch.

of a meshing problem. Results reported in ref. 81
for a/c = 2 were developed from a different mesh
and method. These results are shown in fig. 19(d)
and they compare very well with the weight-function
results.)

Two specimen configurations with r/t =1 and 3
were chosen for the study. Both specimens had a
semicircular (a/c = 1) surface crack with a/t = 0.2.
Figure A2 shows a typical finite-element model
(model B) without the ill-shaped elements. These
elements were avoided by use of an offset where the
crack front intersected the hole or notch boundary.
(See ref. 81.) Because the specimen was symmetri-
cal, only one-quarter was modeled. The model shown
in figure A2 has eight wedges on the crack plane and
four layers on the hole. Pentahedral singularity el-
ements were used along the crack front and eight-

noded hexahedral elements were used elsewhere. The

final models used in the analysis had 14 wedges on
the crack plane and 10 layers on the hole. These mod-
els had about 15000 DOF. The finite-element models
were subjected to remote uniform stress. Stress in-
tensity factors were calculated with the nodal-force
method. Details of the formulation of these types of
elements and the nodal-force method are given in ref-
erence 34 and are not repeated here. Details on the

development of the new finite-element models used
here are given in reference 81.

Two methods for extracting stress intensity fac-
tors from the solutions were also studied: the nodal-
force method (refs. 33 and 34) and the VCCT. (See
ref. 37.) The nodal-force method was used in con-
junction with models A and B and the VCCT was
used in conjunction with model C. Note that the
nodal-force method does not require an assump-
tion of either plane stress or plane strain to extract
the stress intensity factors. However, the VCCT
method doe$ need that assumption. The plane-strain
assumption was used everywhere along the crack
front except where the crack meets the notch sur-
face (p = 90°); at this location, a plane-stress condi-
tion was used. These types of plane-stress and plane-
strain assumptions along the crack front are widely
used in the literature.

Figure A3 presents the normalized stress inten-
sity factor (or boundary-correction factor) distribu-
tions along the crack front (a/c = 1, a/t = 0.2, and
r/t = 1) from all three models. Model A, with the
ill-shaped elements (circular symbols), gave stress in-
tensity factors that were significantly lower than the
results from the other models, especially for ¢ > 60°.
The results from models B and C agreed well for most
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Figure A2. Typical finite-element idealization for surface and corner cracks at notch configuration.

of the crack front. Some slight discrepancy (about
2 percent) was observed for ¢ > 80°. The model with
the ill-shaped elements was too stiff and gave lower
stress intensity factors than models without these el-
ements. The solid curve is an empirical equation for a
surface crack at an edge notch that was based on pre-
vious finite-element results for surface cracks at holes
and on engineering judgment. (See ref. 30.) Compar-
ison with present finite-element results suggests that
the cquation is fairly accurate (within 5 percent) for
this crack configuration.

Figurc A4 presents the normalized stress inten-
sity factors for the same crack shape and size as in
figure A3 but for a larger notch-to-plate-thickness ra-
tio (r/t = 3). The nodal-force results from model B
(without ill-shaped elements) agreed well with results
from model C with the VCCT. The maximum differ-
ence between the two sets of results was £1.5 percent.
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Again, the solid curve is the stress intensity factors
calculated from the empirical equation. {See ref. 30.)
Here, the equation consistently underestimated the
stress intensity factors {6 to 12 percent). Therefore,
the equations for surface and corner cracks emanat-
ing from the semicircular edge notch were modified.
(See appendix D.)

Recall that the nodal-force method was used to
extract the stress intensity factors from the mod-
els with and without the ill-shaped elements {mod-
cls A and B, respectively). The VCCT was used in
conjunction with model C. All models without the
ill-shaped elements showed nearly the same stress
intensity factors along the crack front. This agree-
ment demonstrates that the two methods of extract-
ing stress intensity factors are reliable, provided that
the models have appropriate elements.
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Figure A4. Boundary-correction factors for a surface crack at
notch by various methods and models for r/t = 3.

Nonsingularity Elements and FDI Method

The method used by Raju and Newman (refs. 33
and 34) requires that singularity elements be used

around the crack front and that the finite-element

patterns be generated on orthogonal lines in the
crack-front region. These requirements cause diffi-
culty in developing models for large a/c cracks. To
overcome these difficulties, the 3D finite-element pro-
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Figure A5. Boundary-correction factors for deep surface crack
at notch by various methods.

gram ZIP3D (ref. 35) was developed and used in
conjunction with the EDI method (ref. 36) to calcu-
late stress intensity factors for large a/c surface and
corner cracks at the semicircular edge notch. The
EDI method is an extension of the well-known 2D
J-integral method to 3D problems. The resulting
surface integral is converted into a volume integral
through an application of the divergence theorem and
the use of an s-function suggested by DeLorenzi in
reference 82. An advantage of the EDI method is
that singularity elements are not needed and that
the finite-element patterns need not be orthogonal
at or near the crack front. (Sce ref. 83.)

To verify the models and EDI method, figure A5
shows the distribution of stress intensity boundary-
correction factors along the crack front for a deep,
semicircular, surface crack (a/c = 1, a/t = 0.8,
and r/t = 3) by various models and methods. The
circular symbols are from the EDI method. The
square and triangular symbols show results from the
nodal-force and VCCT methods, respectively. The
finite-element models used in reference 81 and in
the present analysis had orthogonal mesh patterns
along the crack front. Thus, the VCCT and nodal-
force methods should give accurate solutions. Re-
sults from all three methods agreed well (within
3 percent) all along the crack front except very near
¢ = 90°. The disagreement among the three meth-
ods here is mainly due to the free-surface boundary
layer effect. (See ref. 79.) The peak values near
the free surface are considered appropriate values
for crack-growth studies. Equations were developed
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to fit these and other results for surface cracks at
the notch. The solid curve shows the equation for
the boundary-correction factors developed in appen-
dix D. The equation fits the finite-element results
very well near the free surface and the equation is
about 3 percent lower than the EDI results at maxi-
mum depth (¢ = 0°) location.

Results and Discussion

The 3D FEM developed by Raju and Newman
(refs. 33 and 34) and the newly developed mesh
generator scheme (ref. 81) were used to calculate the
mode T stress intensity factor variations along the
crack front for a surface and corner crack (a/c < 1)
emanating from a semicircular edge notch in a plate
subjected to tensile loading. (See fig. Al.} For
cracks with a/¢ = 2, the finite-element program
(nonsingular elements) developed by Shivakumar and
Newman (ref. 35) and the EDI method (ref. 36) were
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used. The details of these analyses are given in
references 81 and 84 for a/c < 1 and in reference 85
for a/c = 2. In all of these analyscs, Poisson’s ratio
was assumed to be 0.3.

A surface crack that emanates from the center
and a corner crack that emanates from the edge of
the semicircular edge notch in a plate subjected to
tensile loading were considered herein. A range of
crack sizes and shapes were analyzed for r/t = 1
to 3 for surface cracks and r/t = 1.5 for corner
cracks. Note that the configuration for r/t = 3
corresponds to a small-crack specimen with a surface
crack that was used in two AGARD studies (refs. 19
and 20) and in the cooperative program. The ranges
of configuration parameters were a/t = 0.2, 0.5,
and 0.8; and a/c = 0.4, 1, and 2. For each of these
combinations, stress intensity factors were obtained
all along the crack front. The normalized stress
intensity factors obtained with the 3D finite-element
analyses are presented in tables AI-AIV.



Table AI. Boundary-Correction Factors From FEM for Semielliptical Surface Crack
Emanating From Center of Semicircular Notch in Plate in Tension With r/t = 1

K

|

a/t

ajc @, deg 0.2 0.5 0.8
20.4 0 1.113 0.869 0.833
225 1.284 . .997 967
45.0 1.678 1.296 1.274
67.5 2.190 1.733 1.774
78.8 2.567 2.129 2.232
84.9 2.809 2.445 2.631
88.0 2.938 2.655 2.951
90.0 2.727 2.548 2.944
¢1.0 0 2.402 1.865 1.697
22.5 2.442 1.904 1.716
45.0 2.574 2.046 1.841
67.5 2.826 2.355 2.211
78.8 3.043 2.646 2.599
84.9 3.192 2.858 2.898
88.0 3.263 2.975 3.089
90.0 2.858 2.656 2.826
2.0 3.0 2.007 1.647 1.474
9.0 2.003 1.640 1.471
18.0 1.997 1.627 1.466
27.0 1.970 1.605 1.457
36.0 1.920 1.582 1.449
45.0 1.839 1.561 1.445
54.0 1.830 1.558 1.452
63.0 1.776 1.563 1.475
72.0 1.744 1.576 1.503
78.0 1.739 1.596 1.546
82.0 1.751 1.625 1.602
88.0 1.854 1.737 1.736
89.3 1.900 1.827 1.808

2Nodal-force method (ref. 81).

bEquivalent-domain integral method (ref. 85).
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Table AIIl. Boundary-Correction Factors From FEM for Semielliptical Surface Crack
Emanating From Center of Semicircular Notch in Plate in Tension With r/t = 2

K

|

aft

a/c p, deg 0.2 0.5 0.8
o 0.4 ' 0 1.405 1.081 0.989
22.5 1.613 1.245 1.156
45.0 2.070 1.634 1.553
67.5 2.596 2.174 2.207
78.8 2.943 2.595 2.764
84.9 3.151 2.880 3.182
88.0 3.252 3.044 3.469
90.0 2.982 2.844 3.347
21.0 0 2.789 2.316 2.128
22.5 2.822 2.357 2.152
45.0 2.929 2.497 2.303
67.5 3.138 2.780 2.715
78.8 3.323 3.028 3.105
84.9 3.454 3.201 3.378
88.0 3.509 3.285 3.533
90.0 3.052 2.885 3.161
b2.0 3.0 2.189 1.943 1.817
9.0 2.180 1.926 1.811
18.0 2.152 1.914 1.799
27.0 2.124 1.905 1.784
36.0 2.074 1.871 1.761
45.0 2.026 1.816 1.746
54.0 1.986 1.791 1.726
63.0 1.908 1.764 1.711
72.0 1.835 1.746 1.721
78.0 1.830 1.747 1.746
82.0 1.865 1.770 1.792
88.0 1.953 1.866 1.904
89.3 2.000 1.946 1.979

“Nodal-force method (ref. 81).

bEquivalent-domain integral method (ref. 85).
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Table ATIT. Boundary-Correction Factors From FEM for Semielliptical Surface Crack
Emanating From Center of Semicircular Notch in Plate in Tension With r/¢ =3

Fy= K
172
"5
a/t

aje p, deg 0.2 0.5 0.8
04 0 1.603 1.253 1.131
22.5 1.831 1.442 1.325

45.0 2.318 1.882 1.788

67.5 2.839 2.460 2.534

78.8 3.167 2.878 3.135

84.9 3.361 3.145 3.559

88.0 3.452 3.290 3.834

90.0 3.151 3.044 3.655

@10 0 3.017 2.502 2.429
22.5 3.045 2.630 2.454

450 3.138 2.761 2.610

67.5 3.328 3.022 3.032

78.8 3.503 3.251 3.421

84.9 3.629 3.411 3.685

88.0 3.679 3.482 3.829

90.0 3.192 3.040 3.398

2.0 3.0 2.300 2.125 2.028
9.0 2.295 2.121 2.021

18.0 2.263 2.104 2.006

27.0 2.207 2.072 1.983

36.0 2.143 2.023 1.958

45.0 2.086 1.973 1.928

54.0 1.967 1.924 1.902

63.0 1.913 1.864 1.865

72.0 1.866 1.836 1.849

78.0 1.847 1.815 1.852

82.0 1.872 1.822 1.873

88.0 1.949 1.881 1.962

89.3 2.023 1.964 2.026

9Nodal-force method (ref. 81).

bEquivalent-domain integral method (ref. 85).
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Table AIV. Boundary-Correction Factors From FEM for Quarter-Elliptical Corner Crack
Emanating From Edge of Semicircular Notch in Plate in Tension With r/t = 1.5

s

aft

a/c @, deg 0.2 0.5 0.8
0.4 0 1.553 1.459 1.736
11.25 1.551 1.433 1.659
22.5 1.668 1.508 1.666
45.0 2.091 1.831 1.839
67.5 2.634 2.352 2.392
78.8 2.982 2.773 2.877
84.9 3.172 3.059 3.292
88.0 3.251 3.219 3.600
90.0 2.977 3.009 3.491
a10 0 2.924 2521 2.585
11.25 2.861 2.449 2.465
22.5 2.796 2.370 2.291
45.0 2.825 2.395 2.166
67.5 3.044 2.685 2.548
78.8 3.251 2.965 2.961
84.9 3.395 3.163 3.259
88.0 3.456 3.263 3.429
90.0 3.040 2.902 3.122
2.0 3.0 2.128 1.932 1.852
9.0 2.080 1.896 1.813
18.0 2.037 1.866 1.764
27.0 1.993 1.819 1.710
36.0 1.956 1.783 1.672
45.0 1.906 1.744 1.645
54.0 1.851 1.719 1.613
63.0 1.810 1.696 1.605
72.0 1.795 1.686 1.611
78.0 1.772 1.693 1.643
82.0 1.804 1.708 1.689
88.0 1.879 1.824 1.804
89.3 1.945 1.910 1.876

“Nodal-force method (ref. 84).
bEquivalent-domain integral method (ref. 85).



Appendix B

Three-Dimensional Weight-Function
Analyses of Surface and Corner Cracks
at Semicircular Notch

In the following sections, the 3D WFM is briefly
described for solving general 3D crack configurations.
The method was used to determine the stress inten-
sity factor distribution for a range of surface- and
corner-crack configurations at a semicircular edge
notch in a plate subjected to remote tensile loading.

Three-Dimensional Weight-Function
Method

The 3D WFM that was developed in references 39
and 40 was based on a combination of the slice-
synthesis procedure (refs. 41-43) and the general ex-
pressions for 2D weight functions. (See refs. 44-
46.) In the 3D weight-function analysis, the actual
cracked part is discretized into two sets of orthog-
onal slices of infinitesimal thickness parallel to the
major and minor axes. The two sets of 2D slices
with through-the-thickness cracks are analyzed with
the 2D WFM. Reference 47 gives detailed informa-
tion on the 2D weight-function approach, together
with numerous stress intensity factor solutions. The
coupling between the two sets of slices is accounted

for by some unknown spring forces, which are deter- '

mined through the condition of compatibility of the
2D crack-opening displacements at the slice intersec-
tions. To calculate 2D crack-opening displacements,
2D weight functions are again used. After the spring

forces are determined, stress intensity factors are es-.

tablished for the two sets of slices. Finally, the stress
intensity factors for the actual 3D crack configura-
tion at any point along the crack front are obtained
based on a general relation between the 2D and 3D
stress intensity factors.

From the previous discussion, the key element in
the analysis is clearly the 2D weight function for the
slices. The 2D weight functions have been exten-
sively studied and their application to the present 3D

crack configurations need modification because the

remaining area outside the sliced region will exert re-
straint on the discretized slices. The basic idea used
to account for this effect is to transform the restraint
based on the uncracked part of a 3D cracked body
into a kind of elastic boundary condition on the 2D
slices. Thus, some 3D nature is built into these slices.
The modified 2D weight functions for the slices are
constructed based on existing 2D weight functions.
(See refs. 44-47.) The modification that reflects the

4.
r/t =1
a/c =1
3_O/t=0.2 E#
o
o o
o
Fs 2' (o]

o FEM Model A nodal force (ref. 78)
0 FEM Model B nodal force (ref. 81)
1} & FEM Model C VCCT (ref. 81)
® WFM (ref. 48)
— Equation (ref. 78)
o 1 L J
0 30 60 90
. deg

Figure Bl. Stress intensity boundary-correction factors for

surface crack at circular hole in plate subjected to remote
tension.

restraint, which is characterized by a nondimensional
restraint area R; (i = a or c), is made by an interpo-
lation of two limiting cases of 2D weight functions—
one for zero constraint (R; = 0), the other for fixed
constraint (R; = oc). For an infinite, semi-infinite,
or quarter-infinite body where R; tends to infinity,
the 2D weight functions with fixed boundary condi-
tions are directly applied and no modifications are
needed. For a finite body, however, a reference 3D
stress intensity factor solution is needed to determine
an unknown interpolation parameter in the modified
weight function for the slices. Details of the 3D WFM
are presented herein and the related 2D weight func-
tions are discussed in appendix C.

The 3D -WFM has been applied to embedded
elliptical cracks in plates (refs. 39 and 40); semi-
elliptical surface cracks in plates (ref. 40) or at circu-
lar holes (ref. 48); and quarter-elliptical corner cracks
in plates (ref. 40), at a notch (ref. 50), or at a cir-
cular hole (ref. 86) subjected to mode I loading. Of
interest to the present investigation are the results for
surface and corner cracks at holes. Typical compar-
isons among the WFM, FEM, and empirical equa-
tions are shown in figures Bl and B2. Figure Bl
shows results for a shallow surface crack (a/t = 0.2)
in a hole with r/t = 1. The solid symbols show the
WFM results. (See ref. 48.) The open symbols show
finite-element results obtained from three different
models and two extraction methods (nodal force and
VCCT). These models and methods are discussed in

73



r/t =0.5
a/c =1

1 | © FEM Model A nodal force (ref. 78)
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Figure B2. Stress intensity boundary-correction factors for
corner crack at circular hole in plate subjected to remote
tension.

appendix A. (See fig. A3.) The curve is an empiri-
cal equation developed to fit previous finite-clement
results. (See ref. 78.) All analyses and the equation
agreed within 3 percent for parametric angles less
than about 60°. Near the hole surface (¢ > 60°), the
WFM and FEM results also agreed well with those
from models B and C. However, the FEM results
from model A (using ill-shaped elements, sec appen-
dix A) did not agree with the other results. The
equation that was fit to model A results in the inte-
rior is about 5 percent too low near the hole surface
based on the new results.

Comparisons for a corner crack at a hole are
shown in figure B2. Here, the WFM and FEM re-
sults did not agree, the results showing 5 to 20 per-
cent differences. As discussed in appendix A, the
FEM results (model A) were based on models that
had some ill-shaped clements near the intersection of
the crack front with the hole surface. Thus, the FEM
results are expected to be lower than the true solu-
tion for ¢ > 60°. However, the WFM is expected to
give higher stress intensity factors than the true solu-
tion because through-the-thickness variations in the
normal stresses were not considered. In the current
3D WFM, a 2D stress distribution was assumed in

the analysis; however, this assumption will cause an

overestimation in stress intensity factors for small
corner cracks. But the empirical equation (fit to
model A FEM results in the interior) is expected to
be accurate for this configuration.
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The 3D WFM can be used to compute stress in-
tensity factors for part-through cracks in arbitrary
stress fields, which may vary in both plate thickness
and width dircctions. This variance is actually the
case for the normal stress distributions at stress con-
centrations even when the body is subjected to re-
mote uniform tension, as shown by the 3D stress
analysis results in figure 14. (See ref. 38.) The
through-the-thickness variation depends upon r/t.
This variation is the strongest at the holc or notch
root and gradually disappears as z/r increases. The
variation does not affect the 3D weight function itself
for large R; values (when no calibration is needed),
but it will affect the resulting stress intensity factors
through the crack-face loading. In the present anal-
yses, the crack-face loading was taken from the 2D
stress distribution, which assumed that the normal
stress distribution around the notch root was uni-
form through the thickness. The 2D assumption was
justified for the SENT specimens used in the cooper-
ative study (r/t = 3) because through-the-thickness
variations in normal stresses are small, as shown in
figure 14. This small variance is especially true for a
semielliptical surface crack in the middle of the plate
thickness. For corner cracks, however, some over-
estimation is expected for small values of a/t because
the actual stresses are several percent lower than the
assumed 2D stress distribution.

Modeling and Weight Functions

The crack configurations analyzed for the cooper-
ative program are shown in figures B3(a) and B3(b)
for surface and corner cracks, respectively. Because
the corner-crack configuration was analyzed in a sim-
ilar manner as that for surface cracks, only the mod-
eling of the surface-crack configuration is described
herein. The detailed analyses of these crack config-
urations are given in reference 49 for surface cracks
and in reference 50 for corner cracks.

The present method idealizes the cracked body
as two series of orthogonal slices of infinitesimal
thickness in the y-z, or z-z plane within the major
or minor axis of the semielliptical crack, respectively,
as shown in figures B4(a)-B4(d). Each slice is in a
generalized plane-stress state. One family of slices,
for example the a slices (slices parallel to the a axis
of the semiellipse with a half-crack length of a;), is
set as the basic slices. The other slices, the ¢ slices
(slices parallel to the ¢ axis of the semiellipse with a
half-crack length of ¢;), are set as the spring slices.
The crack lengths for the slices are given by

a;=a 1—-(%)2 (Bla)




rnia

(a) Surface crack.

(b) Corner crack.

Figure B3. Surface and corner cracks at semicircular notch subjected to remote tension.

ey =cy/1- (g)2 (B1b)

The basic slices shown in figure B4(c), which have
the same elastic constants as the material of the
plate, are subjected to S as well as P(z,y) distrib-
uted along the crack face. The spring force represents
the mechanical coupling between the adjacent basic
slices because shear stress acts on the surfaces of the
slices toward the z-axis. The springs with stiffness kg

on both sides of each basic slice simulate the effect
of the restraint from R,, the uncracked area outside
the region occupied by the basic slices and the notch.
(See fig. B4(a).)

The spring slices, figure B4(d), which have the
same Poisson’s ratio as the material of the plate but
a different elastic modulus, undergo only the spring
force on the crack face with the same magnitude as
but in opposite direction of those on the basic slices.
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The springs with stiffness k. on the side of the spring
slices toward which the crack extends all simulate the
effect of the restraint from R, the uncracked area
outside the region occupied by the spring slices and
the notch. (See fig. B4(b).)

The corresponding slice model for the corner-
crack configuration is shown in figure B5. The
restraining areas shown in figures B4(a) and B4(b)
were expressed in a nondimensional form as follows:

Ro=22(%-T-1)° (B2a)

Rt (20 (i)

The nondimensional restraining areas in
equations (B2a) and (B2b), R; (¢ = a or ¢), vary from
zero to infinity as functions of a/e, a/t, ¢/w, and 7/t.
The stiffness k; (i = a or ¢) of the springs on the
sides of the slices shown in figures B4(c) and B4(d)
is a function of restraining area. When R; tends
to zero, k; also tends to zero, which results in the
cases shown in figures B4(e) and B4(f) for the exam-
ple with a free center crack and a single-edge-notch-
crack. When R; tends to infinity, so does k;. This
case is shown in figures B4(g) and B4(h) for the ex-
ample with the collinear center cracks and double-
edge-notch cracks. These limiting conditions serve as
the upper and lower bounds of the weight functions
for the slices with a 3D nature. Thus, the weight
functions W; for the slices with elastic constraints
shown in figures B4(c) and B4(d) are constructed as
follows:

(B2b)

W, = Wcollinear + Ta(Ra) (Wfree - Wcollinear) (B3a)

We = Wyouble + T.(Rc) (Wsingle — Waouble) (B3b)

where T;(R;) is the transition factor (i = a or ¢) and
represents the transition from fixed to free bound-
ary conditions. The transition factor is an unknown
function of restraining areas that satisfy the condi-
tions T;(0) = 1 and T;(oc0) = 0.

Note that for the SENT specimens with
r/w = 1/16, the nondimensional restraint factor R;
has large values when the surface or corner cracks are
small. Thus, the 3D weight function in the present
analysis has been limited to a/t < 0.5 and, thus, no
reference 3D solution is needed.

Herein, only the semi-infinite width plate is
considered—that is, 7/w = 0. In this case, R; = 00
and equations (B3a) and (B3b) reduce to

Wa = Wcollinear (B4a)

W, = Wdouble (B4b)

with Wyouble = Wainglee Now that the center-
crack weight functions are replaced by those for edge
cracks, the parallel relations for the corner-crack con-
figuration are also obtained. These weight functions
are available from previous work (refs. 44 and 45)
with the function fy for the c slices replaced by the
function f(a) for an edge crack emanating from a
semicircular notch with 7/w = 1/16. The function
f(a) was obtained by substituting (£)/S = 1 into
equation (C10). (See appendix C.) The numerical
results were then fitted to the following polynomial
for f(a) as

f(a) = 1.121 — 0.711a + 1.6a% — 1.461a® + 0.508a" (B5)
where a = ¢/r for a < 1.
Solution Procedures

After the weight functions were found, stress in-
tensity factors for the slices were obtained according
to weight-function theory (refs. 44, 87, and 88) as
follows:

Kalaz) = ]0 lo(2,9) — P(@,)] WalRar s, v) dy (B6a)

K {ey) = /O—y P(z,y) We(Re, ¢y, z) dzx (B6b)

where o(x,y) is the stress distribution induced by
the applied load along the location of the crack in
the crack-free body. For this particular configura-
tion, the stress distribution was obtained by fitting
to Tan’s 2D numerical solution (ref. 26) for a semi-

circular notch in a plate in remote tension. (See ap-
pendix C.) The resultant polynomial was

o(€) = S (3.157 - 6.731€ + 11.709¢2 — 10.687¢3 + 3.838¢*)

(B7)
where £ = z/r. (Note that the origin of the coordi-
nate system is at the center of the crack for both the
surface and corner crack.) In the WFM, the normal
stress distribution was assumed uniform through the
thickness—that is, o(z,y) = ¢(£). This assumption
is adequate for the r/t considered in the coopera-
tive program because the 3D variation through the
thickness is about £3 percent. (See ref. 38.) With
the weight functions and stress intensity factors avail-
able, the crack-face displacements for the slices were
determined using procedures in references 32 and 89.
The crack-face displacements for these two series of
slices should be equal to satisfy compatibility. This
condition leads to an integral equation in terms of
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Figure B5. Slice model for corner crack at notch. Basic slices: (a), (¢}, (e), and (g); spring slices: (b), (d), (f), and (h).
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(a) afc < 1.

(b) afc > 1.

Figure B6. Definition of ¢ and crack length for slices.

the unknown spring force on the crack faces. The
integral equations were reduced to multiple linear
equations by expression of the spring force as a
special kind of polynomial with unknown coefficients
as

Pz,4) =0, [alm( )" ve (1)
far(2)7(3) e (D) ven ()
var(3) (2) re (2) o (2)

ran (£ (2)" o (5) o (2)°

rou(2)' v ()’ 9

where o; is a known reference stress and «; are un-
known coeficients. Substituting equation (B8) into
cquations (B6a) and (B6b) gives multiple linear equa-
tions. These equations were solved by a regression
scheme to determine the values of «;. (Seec refs. 39,
40, 49, and 50 for details.)

Now that the spring force has been determined,
the stress intensity factors for the slices were ob-
tained from equations (B6a) and (B6b). Then the
stress intensity factor at ¢ (fig. B6) for a semi-
elliptical surface crack or for a quarter-elliptical cor-
ner crack was obtained from the following equation
derived in references 39 and 40:

4 1/4 _1ym
K(p) = {Kz:(az) + [Kete) 7| =5
(B9)

where m = 1 for K, < 0 and K, < 0, m = 2 for
Kg > 0and K. > 0; 7 = v for ¢ < 90°, n = 0°

for ¢ = 90° for the surface crack; and 7 = v for
0° < ¢ < 90°, 7 = 0° for ¢ = 0° and 90° for the
corner crack.

Finite-Width Effect

The weight functions previously obtained were for
a plate of semi-infinite width 7/w = 0. For a finite-
width plate, a nonvanishing transition factor should
generally be used in the weight-function expressions.
(See egs. (B3a) and (B3b).) The determination of the
transition factor requires a 3D reference solution for
the finite-width plate. For the surface- and corner-
crack specimens considered in the cooperative pro-
gram, r/w = 1/16. However, the effect of the transi-
tion factor on stress intensity factors for surface-crack
configurations considered herein is small based on ex-
perience with embedded elliptical cracks for which
the transition factor is known. (Sce refs. 39 and 40.)
Thus, the effect of the transition factor was neglected.
The effect of the transition factor on stress inten-
sity factors for corner cracks was also neglected based
on experience with other corner-crack configurations.
However, for deep, low a/c corner cracks, some dif-
ferences may be observed. For example, for the case
of a/c = 0.4 with a/t = 0.5, stress intensity factors
determined by the WFM for r/w = 0 are estimated
to be about 6 percent lower than those for a plate
with r/w = 1/16.

Results and Discussion

Application of the WFM (refs. 39, 40, and 48)
has shown that for an embedded elliptical crack in
an infinite solid, the WFM reproduced the exact
solutions (ref. 90) for stress intensity factors and
crack-face displacements for the uniform crack-face
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Figure B7. Stress intensity boundary-correction factors for
surface crack at notch in plate subjected to remote tension
for two values of r/t.

pressure case. The stress intensity factor solution
also agreed within 2 percent of the exact solution
for a nonuniform crack-face pressure. (See ref. 91.)
For the same crack configurations in finite plates,
the weight-function results obtained by the present
method agreed well with Newman and Raju’s finite-
element solutions. (See ref. 78.) For two symmetrical
surface cracks at a hole, the weight-function solutions
were well within 5 percent of Newman and Raju’s
finite-element solutions (ref. 78), except in the region
near the hole surface and in a few cases at the
sharp curvature for low a/c cracks. For a single
surface crack at a hole, the agreement between the
weight-function results and Grandt’s solutions by the
finite-element alternating method (ref. 92) was also
generally very good.

The WFM was used to calculate the stress in-
tensity factors for semielliptical surface cracks and
quarter-elliptical corner cracks at a semicircular
notch in a plate subjected to remote tensile load-
ing. These configurations are shown in figures B3(a)
and B3(b). Poisson’s ratio was assumed to be 0.3.
{Note that stress intensity factors determined by the
WFM are independent of Poisson’s ratio for trac-
tion boundary conditions.) For the surface crack,
r/t = 2.78 and 3.2; for the corner crack, r/t = 1.39
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Figure B8. Stress intensity boundary-correction factors for
corner crack at notch in plate subjected to remote tension
for two values of r/t.

and 1.6. These values were selected to match the
nominal ones used in the cooperative test program.
For each configuration, the crack configurations con-
sidered were a/c = 0.2, 0.4, 1, and 2 with a/t = 0.05,
0.2, and 0.5. The results are given in tables BI-BIV.
Typical comparisons for the surface- and corner-
crack configurations are given in figures B7 and BS,
respectively. These figures show the slight variation
caused by the small difference in the r/t values. The
curves show results from the stress intensity factor
equations that were developed in appendix D. At
the intersection of the crack with the notch surface
(¢ = 90°), the equation is 2 to 3 percent lower than
the WFM solutions. The agreement between the
equation and WFM solutions is better away from the
free surface.

The WFM is very efficient in modeling and in
calculating stress intensity factors. Computations
are readily made on a personal computer (PC). The
calculation for each set of configuration parameters
required less than 3 minutes for each load case on
a model 286 PC (with 80287 coprocessor). After
the basic displacement information is obtained for
a set of configuration parameters for one load case,
the stress intensity factors for any other load case
for the same configuration may be obtained in a few
seconds. e '

T

v



Table BI. Boundary-Correction Factors From WFM for Semielliptical Surface Crack
Emanating From Center of Semicircular Notch in Plate in Tension With r/t=2.78

"

aft
afc ©, deg 0.05 0.2 0.5
0.2 0.1 1.192 0.847 0.629
11.3 1.419 1.027 799
22.5 1.772 1.284 981
33.8 2.096 1.550 1.205
45.0 2.395 1.833 1.469
56.3 2.660 2.126 1.745
67.5 2.881 2.422 2.042
75.0 3.015 2.636 2.303
82.5 3.170 2.902 2.697
86.2 3.265 3.062 2.959
89.9 3.054 2.914 2.919
0.4 0.1 1.844 1.507 1.190
11.3 1.952 1.611 1.296
22.5 2.163 1.793 1.440
33.8 2.399 2.019 1.645
45.0 2.644 2.276 1.905
56.3 2.871 2.536 2.189
67.5 3.056 2.779 2.495
75.0 3.174 2.946 2.730
82.5 3.334 3.157 3.026
86.2 3.444 3.287 3.200
89.9 3.230 3.106 3.069
1.0 0.1 ' 3.150 2.891 2.534
11.3 3.182 2.929 2.580
22.5 3.199 2.954 2.616
33.8 3.209 2.984 2.678
45.0 3.240 3.041 2.779
56.3 3.294 3.125 2.912
67.5 3.357 3.223 3.075
75.0 3.432 3.322 3.221
82.5 3.593 3.499 3.437
86.2 3.722 3.631 3.580
89.9 3.531 3.452 3.424
2.0 ) 0.1 2.330 2.229 2.071
11.3 2.327 2.228 2.075
22.5 2.287 2.194 2.052
33.8 2.213 2.131 2.010
45.0 2.114 2.046 1.951
56.3 2.004 1.951 1.882
67.5 1.895 1.857 1.816
75.0 1.853 1.824 1.801
82.5 1.887 1.862 1.852
86.2 1.946 1.922 1.915
89.9 1.859 1.838 1.837
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Table BII. Boundary-Correction Factors From WFM for Semielliptical Surface Crack
Emanating From Center of Semicircular Notch in Plate in Tension With r/t = 3.2

e

a/t
a/c p, deg 0.05 0.2 0.5
0.2 0.1 1.216 0.887 0.663
11.3 1.446 1.072 835
22.5 1.805 1.341 1.030
33.8 2.132 1.618 1.263
45.0 2.430 1.907 1.532
56.3 2.693 2.202 1.818
67.5 2.908 2.493 2.128
75.0 3.036 2.698 2.393
82.5 3.186 2.950 2.777
86.2 3.277 3.099 3.025
89.9 3.063 2.941 2.958
0.4 0.1 1.862 1.556 1.241
11.3 1.971 1.660 1.347
22.5 2.183 1.848 1.500
33.8 2.420 2.077 1.714
45.0 2.664 2.334 1.981
56.3 2.889 2.592 2.271
67.5 3.071 2.828 2.577
75.0 3.186 2.988 2.806
82.5 3.345 3.191 3.092
86.2 3.453 3.318 3.260
89.9 3.238 _ 3.132 3.117
1.0 0.1 3.163 2.935 2.611
11.3 3.195 2.971 2.657
22.5 3.212 2.996 2.693
33.8 3.220 3.023 2.751
45.0 3.250 3.077 2.848
56.3 3.303 3.156 2.977
67.5 3.364 3.249 3.131
75.0 3.438 3.344 3.271
82.5 3.599 3.520 3.482
86.2 3.728 3.651 3.624
89.9 3.536 ) 3.470 3.463
2.0 0.1 2.335 2247 2.109
11.3 2.332 2.246 2.112
22.5 2.292 2.211 2.088
33.8 2.217 © o 2.146 2.042
45.0 2.117 2.059 1.979
56.3 2.007 1.961 1.906
67.5 1.898 1.865 1.835
75.0 1.855 1.830 1.816
82.5 1.888 1.868 1.865
86.2 1.947 1.928 1.928
89.9 1.860 1.843 1.849




Table BIIL. Boundary-Correction Factors From WFM for Quarter-Elliptical Corner Crack

Emanating From Edge of Semicircular Notch in Plate in Tension With r/t =139

"5
Ta
(%
aft
afc @, deg 0.05 0.2 0.5
0.2 0.1 1.270 0.829
5.6 1.349 .901
11.3 1.433 973
22.5 1.737 1.154
33.8 2.052 1.380
45.0 2.362 1.634
56.3 2.662 1.900
67.5 2.931 2.187
82.5 3.319 2.792
86.2 3.453 3.023
89.9 3.233 2.926
0.4 0.1 2.019 1.476 1.133
5.6 2.106 1.548 1.203
11.3 2.083 1.544 1.221
22.5 2.220 1.643 1.273
33.8 2.439 1.831 1.430
45.0 2.681 2.069 1.644
56.3 2.927 2.332 1.868
67.5 3.141 2.608 2.129
82.5 3.464 3.073 2.697
86.2 3.589 3.228 2.901
89.9 3.358 3.067 2.845
1.0 0.1 3.343 2.845 2.296
5.6 3.517 2.994 2.418
11.3 3.392 2.896 2.349
22.5 3.304 2.834 2.299
33.8 3.276 2.840 2.329
45.0 3.276 2.885 2.408
56.3 3.327 2.980 2.539
67.5 3.406 3.114 2.734
82.5 3.641 3.417 3.140
86.2 3.769 3.548 3.281
89.9 3.560 3.369 3.150
2.0 0.1 2.368 2.165 1.868
5.6 2.515 2.299 1.984
11.3 2,427 2.223 1.923
22.5 2.333 2.144 1.864
33.8 2.240 2.072 1.822
45.0 2.121 1.980 1.768
56.3 2.004 1.890 1.717
67.5 1.902 1.814 1.683
82.5 1.888 1.827 1.744
86.2 1.947 1.887 1.806
89.9 1.852 1.799 1.730
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Table BIV. Boundary-Correction Factors From WFM for Quarter-Elliptical Corner Crack
Emanating From Edge of Semicircular Notch in Plate in Tension With r/t = 1.6

s

aft
a/c p,deg 0.05 0.2 0.5
0.2 01 N 1.313 0.870
5.6 1.394 941
11.3 1.479 1.013
22.5 1.793 1.207
33.8 2.113 1.442
45.0 2.425 1.703
56.3 2.722 1.979
67.5 2.982 2.276
82.5 3.352 2.866
86.2 3.480 3.082
89.9 3.253 2.966
04 0.1 2.056 1.538 - 1.185
5.6 2.145 1.611 1.255
11.3 2.120 1.605 1.269
22.5 2.260 1.711 1.330
33.8 2.478 1.905 1.491
45.0 2.720 2.147 1.708
56.3 2.962 2.412 1.941
67.5 3.171 2.684 2.214
82.5 3.486 3.132 2.779
86.2 3.609 3.283 2.976
89.9 3.375 3.111 2.897
1.0 0.1 3.370 2.919 2.385
5.6 3.545 3.072 2.511
11.3 3.419 2.970 2.438
22.5 3.329 2.905 2.389
33.8 3.299 2.907 2.418
45.0 3.296 2.946 2.496
56.3 3.345 3.036 2.626
67.5 3.421 3.162 2.816
82.5 3.652 3.454 3.207
86.2 3.780 3.585 3.347
89.9 B 3.570 3.401 3.206
2.0 . 0.1 ! 2.378 2.198 1.925
5.6 2.525 2.334 2.044
11.3 2.437 2.256 1.980
22.5 2.342 2.175 1.919
33.8 2.248 2.100 1.872
45.0 2.127 2.004 1.813
56.3 2.010 1.910 1.755
67.5 1.906 1.829 1.714
82.5 1.890 1.838 1.767
86.2 1.950 1.898 1.829
89.9 1.854 1.808 1.749




Appendix C

Two-Dimensional Weight-Function and
Boundary-Force Analyses

The 2D WFM and the BFM are used to ana-
lyze through cracks in arbitrarily shaped bodies for
various in-plane loading conditions. Brief descrip-

tions of these methods are given herein. The BFM __

was used in the cooperative program to analyze a
through crack emanating from the semicircular notch
of a plate for remote tension. The BFM analysis was
made on the SENT specimens for either remote uni-
form stress or displacement. The BFM was also used
to analyze the uncracked SENT specimens to obtain
the stress concentration factor and the normal stress

distribution along the net section. The normal stress

distribution, together with the corresponding stress
intensity factors, was used in the 2D WFM to de-
rive the weight function for a crack emanating from
an edge notch. The weight function was then used
in the 3D WFM to derive stress intensity factors for
surface and corner cracks at the edge notch. A tech-
nique to extract experimental stress intensity factors
for through cracks in the SENT specimen was also
applied to verify the remote boundary conditions on
the test specimen. Comparisons are made between
experimental and calculated stress intensity factors.

Weight-Function Method

Analytical weight functions for 2D crack configu-
rations (center and edge cracks) with finite bound-
aries have been developed in reference 44. For
simplicity, a special loading of uniform crack-face

pressure was employed as the reference solution for

which stress intensity factors are known. This ap-
proach suffices for many crack configurations. For
the present crack configuration, however, a reference
stress intensity factor solution for uniform pressure
loading on the crack faces is not available. The ob-
stacle was overcome by applying a more general ap-
proach recently developed by Wu and Carlsson. (See
ref. 47.) In this approach, the analytical weight func-
tions are based on a reference solution to a poly-
nomial crack-face load case. The derivation starts
from a reference polynomial stress distribution on the
crack faces as

N

UT(E) _ n
_S‘—‘ = nZ::D Sn§ (Cl)

A three-term representation for the crack-face dis-
placements was assumed for this type of loading and

V2]

5. Iy h
r
4 f’l X
s c
w
3 L
"t v
2 - i S
2 _
&~  r/w BFM Equation (C12)
1¢-° 1/16 o —
0 o --
h/w=2
0 : .

0.0 0.2 0.4 0.6 0.8 1.0
(c +r)/w

Figure C1. Stress intensity boundary-correction factors for
through crack at notch in plate subjected to remote
uniform stress for two values of r/w.

was given by

o 3 ¢ j-1/2
v 8= gy B (1-8) T (©)
j=1

~ where a = ¢/r and ¢ = z/r. (See insert on fig. C1.)

The three unknown functions of F; were determined
by using the following three conditions: crack-face
displacement in the immediate wake of the crack tip,
self-consistency of the weight function, and vanishing
curvature along the edge crack surface at the crack
mouth. The results are

Fi(a) =4f(a) ' (C3)

15 [2/2r®(a) — Fi(@)E1(a)] Fi(@)Es(a)
Fale) = 15E2(a) — 3E3(a) (C4)

_ Fi(a)Ex(a) = 3[2/27®(a) — Fi(a)E1(a)]
Fy(a) = = 15E2(a) — 3E3(a) (C5)

®(a) = a2 /Oa ef2(0) df
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N

Ej(a) = ——
e ; I (2k+25+1)
k=0

2n+1 ! n
i L (j=1, 2, or 3)

and fr(e) is the dimensionless stress intensity factor
for the reference load case, commonly expressed in a
polynomial form,

K
frla) = S'(7r(‘ 1/2 Z Apa™ (Co6)

Based on these expressions, a general closed-form
weight function for edge cracks was obtained and was
given by

4 i—
> g (1-§)™
o) = F— ()

where the functions 3;(a) are given by the following
expressions:

Bi(a) =2 \
Baa) = 20Sr(e) + ?ff(((j) + §Fo(a)
(o) = 2F2@) * %fﬁga)—%)l ()

The only information needed for the determination
of the edge crack weight function is the stress polyno-
mial o,(£) in the uncracked body from equation (C1)
and the related nondimensional stress intensity fac-
tor fr(a). For the edge notch crack in the present
investigation, a solution for f;(c) has been obtained
by Tan, Raju, and Newman (ref. 51} using the BFM.
The uncracked stress distribution along the prospec-
tive crack site was also determined by the BFM (dis-
cussed later). The following two sets of polynomial
equations fit, respectively, the numerical results of
or(€) and fr(a) within £0.2 percent and are given
by

UTT(E) =3.1635 — 6.9765¢ + 14.1306¢2 — 19.2171¢3

+16.8505¢% — 8.9712¢° + 2.61416% — 0318287 (£ < 2)

fr(a) =3.5479 — 7.2009 + 15.7223a2 — 22.46610°

+20.0387a* — 10.52050° + 2.960105 — 0.3421a7 (e < 2)
(Note that these equations are valid only for r/w =
1/16.) With these two equations, the weight function
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for an edge crack emanating from a semicircular edge
notch (r/w = 1/16) in a rectangular plate (valid
to a = 2) is readily determined. Stress intensity
factors for an arbitrary crack-face loading o(€) can
be obtained by a simple quadrature as

K = S(rc)/%f (C9)

where

=l

Boundary Force Method

{z g (1-£) 2} ¢

(27wa)l/? (C10)

The BFM was formulated for the two-dimensional
stress analysis of complex configurations, with and
without cracks, subjected to internal loadings and to
traction or displacement boundary conditions. (See
refs. 26 and 51.) The BFM uses the elasticity solution
for concentrated forces and a moment in an infinite
plate as the fundamental solution. For plates without
a crack, Muskhelishvili’s solution (ref. 52) for P, Q,
and M in an infinite plate is used as the fundamental
solution. For a plate with a crack, Erdogan’s solution
(ref. 53) for a pair of concentrated forces and a
moment in an infinite plate with a crack is used as
the fundamental solution. With Erdogan’s solution
the crack faces need not be modeled as part of the
boundary because the stress-free conditions on the

crack faces are exactly satisfied.

Because the fundamental solution satisfies all in-
terior elasticity equations, the only remaining condi-
tions to be satisfied are those on the boundary. The
specified boundary conditions are satisfied by the ap-
plication of concentrated forces and moments along
an imaginary boundary traced on an infinite plate
that corresponds to the actual configuration. The
imaginary boundary is discretized into a number of
straight segments. At the center of each segment, a
pair of concentrated forces and a moment are applied
at a small distance from the imaginary boundary and
the region of interest. The magnitudes of these forces
and moments are determined to approximately sat-
isfy the prescribed boundary conditions.

To verify the accuracy of the method, the BFM
has been used to analyze numerous 2D crack and
notch configurations for which exact or accurate
stress and displacement solutions are available in the
literature. (See refs. 26 and 51.) The crack configu-
rations considered included mode I and mixed-mode

(modes I and II) problems. The method produced



stress and displacement fields and stress intensity fac-
tors that agreed well with those in the literature. In
general, about 150 DOF was required for accurate
solutions (better than 0.5 percent) to complex crack
configurations.

The BFM was used to analyze the uncracked
SENT specimen to obtain the stress concentration
factor and the normal stress distribution along the
net section. The BFM was also used to analyze a
through crack emanating from the SENT specimen
subjected to either remote uniform stress or displace-
ment. The James and Anderson technique (ref. 54)
to extract experimental stress intensity factors for
through cracks in the SENT specimen was also used
to verify the remote boundary conditions on the test
specimen. Comparisons are made between experi-
mental and calculated stress intensity factors.

Stress Distributions

The SENT specimen shown in figure 2 was held
by flat-plate friction grips from the grip line to the
ends. The dimension of w was fixed in all specimens
to 50 mm. The height h is measured from the
specimen centerline at the notch to a specified line
drawn parallel to the grip line. Two values of h were
assumed in the analysis. One height was arbitrarily
selected as a line drawn below the optional hole
(h/w = 2), and the other was along the grip line
(h/w = 1.5). In the BFM analysis, uniform stress (5)
or uniform displacement (v = constant, u = 0) was
applied parallel to the long dimension of the specimen
at y = *h, and zero tractions were applied elsewherc.

Analyses of the uncracked SENT specimen with
the BFM gave an elastic stress concentration factor
Kr = oyy/S = 3.17 for uniform stress and 3.15
for uniform displacement for both values of h/w.
The normal stress distribution along the specimen

centerline at the notch root for remote uniform stress

is shown in figure 3 as the solid curve. The stress
concentration factor was about 5.5 percent higher
than that for a circular hole in an infinite plate and
the stress gradient is similar. This stress distribution
was used in the 2D and 3D WFM to determine 2D
weight functions for a crack emanating from the edge
notch and 3D stress intensity factors for surface- and
corner-crack configurations. (See appendix B.)

Stress Intensity Factors

The stress intensity factor for a through crack
emanating from a semicircular notch subjected to
remote uniform stress or displacement was expressed
as

c ¢ T
K =S(re)'?F (=, =, —) (C11)
w row

Table CI. Stress Intensity Boundary-Correction Factors
for Single-Edge Crack Specimen Subjected to
Remote Uniform Stress or Displacement

[Ft = S(1r1c{)1/2 ]

Uniform stress Uniform displacement

c/w hjw=2 hjw =2 hjw=1.5
0 21.123 %1.123 %1.123
1 1.189 1.165 1.154
2 1.367 1.255 1.231
3 1.655 1.377 1.294
4 2.108 1.527 1.418
.5 2.827 1.705 1.532
.6 4.043 1.913 1.702
7 6.376 2.166 1.916
.8 11.99 2.507 2.239

&Limiting solution from Tada, Paris, and Trwin (ref. 32).

Table CII. Stress Intensity Boundary-Correction Factors
for Crack Emanating From a Semicircular Edge
Notch in Specimen Subjected to Remote
Uniform Stress or Displacement

[ = 16 Fi = 5]

Uniform stress Uniform displacement
or | or hfw =2 hjfw=2 | h/w=15
1.04 | 0.065 3.276 3.219 3.187
1.08 | .0675 3.058 3.030 3.000
1.15} .0719 2.752 2715 2.682
1.30 { .0813 2.338 2.299 2.269
1.75 7 .1094 1.832 1.783 1.756
2.0 125 1.732 1.674 1.641
3.0 1875 1.638 1.515 1.477
4.0 .25 1.726 1.511 1.450
6.0 375 2.160 1.627 1.513
8.0 5 3011 1.822 1.640
9.6 .6 4.248 2.022 1.789

where F} is a boundary-correction factor that ac-

~ “counts for the effect of the notch and external bound-

aries. The BFM was used to calculate F; for var-
ious crack configurations and boundary conditions.
Boundary-correction factors are given in table CI for
a single-edge-crack specimen and in table CII for a
crack emanating from a semicircular edge notch in

_either remote uniform stress or displacement. Equa-
tions were then developed to fit the BFM results.

The boundary-correction factor was expressed as

Fy = figafw (C12)

87

a-L



The functions f} and g4 were selected to account
for the effects of the notch and are given by

fi = 1+40.358A+1.425X2 —1.578A3 +2.156A% (C13)

where A = 1/[1 + (¢/r)] and

0.032

gs = K; {0.36 — 73

(C14)
1+%) .
The effects of specimen width and remote boundary
conditions were approximated by f, the finite-width
correction, which was obtained by fitting to the
calculations from the BFM.

For h/w = 2, the correction was

fo=1-027y+94v% —19.4y3 + 27.14% (C15a)
for uniform stress and
fo=1+27v% - 3.5y* + 3.845 (C15b)
for uniform displacement.
For h/w = 1.5,
fu=1+2179% — 3494 +3.7/° (C15c¢)
for uniform displacement where v = c—zl These

equations are valid for 7/w = 1/16 and <& < 0.6.

The cracked SENT specimen was analyzed for
r/w = 1/16 (cooperative program test specimen) and
r/w = 0 (single-edge-crack specimen); these results
(symbols) are shown in figures C1 and C2 for re-
mote uniform stress and displacement (h/w = 2),
respectively. The boundary-correction factor Fy is
plotted against “tC. The curves show the equation
(eq. (C12)) that was developed to fit these results.
For r/w = 0, the boundary-correction factor is also
given by equation (C12) where f; = 1, g4 = 1.123,
and fy, is given by equations (C15a)-(C15c). These
results show that the remote boundary conditions
have a significant effect on the correction factors.

The boundary-correction factor equations for the
SENT specimen subjected to remote uniform stress
or displacement for h/w = 1.5 are shown in figure C3
as dashed and solid curves, respectively. Because the
stress and displacement boundary conditions gave
such large differences in the boundary-correction fac-
tors, the James and Anderson technique (ref. 54)
was also applied to help verify the correct external
boundary condition on the cooperative program test
specimens.
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Figure C2. Stress intensity boundary-correction factors for
through crack at notch in plate subjected to remote
uniform displacement for two values of r/w.
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(c +r)/w

Figure C3. Experimental and calculated boundary-correction
factors for through crack at notch in plate subjected to
remote stress or displacement.

Comparison of Experiments and Analyses

In the James and Anderson technique, fatigue
crack-growth rates from tests are used to determine
an experimental value of the stress intensity factor
as a function of crack length. The basis for this ap-
proach is in the uniqueness of the AK against rate



(dc/dN) relation for a material tested at a constant
R. The point in question was whether the specimen
and grip configuration produced uniform stress or
uniform displacement conditions, and what was the
effective specimen height. Two fatigue crack-growth
rate tests were conducted on 7075-T6 aluminum al-
loy SENT specimens. One test was conducted at a
low applied stress level to obtain data for a range of
crack lengths; the other test was conducted at a high

stress level that was typical of the stresses used in the

cooperative test program. The latter test would sim-

ulate any slippage or wear at the higher stress levels.
Crack length was measured as a function of load cy-
cles at R = 0. From the crack-length-against-cycles
data, crack-growth rates and experimental values of
stress intensity were determined by using the large-
crack AK-rate relation. These experimental values
are shown in figure C3 as symbols. The experimen-
tal data followed the calculated curve very well for
uniform displacement for h/w = 1.5. Therefore, the
fw function defined by equation (C15c) was used in

. the test program.
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Appendix D

Stress Intensity Factor Equations for a Surface, Corner, and Through Crack at a
Semicircular Notch

Approximate stress intensity factor equations for a semielliptical surface crack at the center of a semicircular
edge notch, a quarter-elliptical corner crack at the edge of the notch, and a through crack at the notch subjected
to remote uniform stress or uniform displacement for A/w = 1.5 are given herein. These configurations are
shown in figure 13. These equations have been developed from stress intensity factors calculated from the FEM
and WFM for surface and corner cracks (appendixes A and B, respectively), from boundary force analyses of
through cracks at a semicircular notch (ref. 51), and from previously developed equations for similar crack
configurations at an open hole. (See refs. 78 and 93.) The stress intensity factors are expressed as

1/2
ma a a
k=s(3) 50§

where K is the stress intensity factor and ¢ is defined here as one-half the full sheet thickness for surface cracks
(7 = s) and as the full sheet thickness for corner cracks (j = c). The equations have been developed for a range
of configuration parameters with r/w = 1/16.

c C T
Ty Ty Ty T D1
o T =) (D1)

The shape factor Q is given by

Q=1+1464 (%)1‘65 ( (D2a)

ol
IA
s

~—

1.65
Q+1+1.464 (2) (D2b)

—~~

olR
V
p—

~—

Surface Crack at a Semicircular Notch

The boundary-correction factor equation for a semielliptical surface crack at the center of a semicircular
edge notch (fig. 13(a)) subjected to remote uniform stress or displacement is

a\2 a\4
F, = [Ml + My (?) + M3 (?) ] 9192939495 fo fw (D3)

for 0.2 <af/c<2a/t<1,1<r/t<35 (c+7)/w <06, r/w=1/16, and —7/2 < ¢ < 7/2. (Here t is
defined as one-half the full sheet thickness.) For a/c <1,

M =1 (D4)
0.05
My = —————0p (D5)
0.11 + (%)
2
M; = 0.29 (D6)

023+ (2)%?

(9)" (26-2)"

g=1- cos ¢ (D7)
4
(%)
140.358 )+ 1.425 22 — 1.578 A3 + 2.156 A4
2= 2 (D8)
1+0.08
A ! (D9)

T 1+ £ cos (0.9¢)
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10
g3 =1 +0.1(1 — cos ¢)? (1 - %‘) (D10)

0.032
g4 = KT (0.36 - a:g—)m) (Dll)

where K7 is the elastic stress concentration factor (K7 = 3.17 for uniform stress; Kp = 3.15 for uniform
displacement) at the semicircular notch, and

gs =1+ (“)1/2 [0.003 (—;-)2 +0.035 (T) (1 — cos cp)3] - 0.35 (%)2 (1- 21)3 cos @ (D12)

¢ t
For uniform stress, the correction f,, was
fo=1-027+947%-19.4~3+27.14" (D13a)

and for uniform displacement,
fo=1+2174% —3.4~41+3.74° (D13b)

with h/w = 1.5 where

Y= (%)1/2 c:r

The a/t term was included in 7 to reflect the reduced influence of width on the finite-width correction for a
surface and corner crack. The function f, is given by

9 1/4
fo= [(%) cosch-l—sin2 <p] (D14)
For a/c > 1,
c\1/2 0.04¢
M = (5) (1.04 - = ) (D15)

The functions My, M3, g1, 92, A\, g3, 94, g5, and fy, are given by equations (D6)-(D13), respectively, and f,
is given by

1/4
fo= [(2)2sinzap+ cos? cp} (D16)

Corner Crack at a Semicircular Notch

The boundary-correction factor equation for a quarter-elliptical corner crack at the edge of a semicircular
edge notch (fig. 13(b)) in remote uniform stress or displacement is

a\2 a\4
F. = [Ml + M, (?) + M3 (;) ] 9192939495 o fw (D17)

for 02 <afc<?2,a/t<l,1<r/t<2, (c+r)/w<06 r/w= 1/16, and 0 < ¢ < m/2. (Here t is defined as
the full sheet thickness.) For a/c <1,
: 0.09a

My =113 - (D18)
0.89
= —0.54
My =054+ 55 (D19)
My = 05— —— (D20)
37T 065+ 2
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2
gr=1+ {0.1 +0.2 (%) J (1 —sin cp)z —0.16 (%) sin @ cos : (D21)

_ 140358 +1.425)% — 1.578 A3 + 2.156 \*

D
92 1+ 01372 (D22)
1
A= 2
1+ £cos0.8p (D23)
a ay1/4
g3 =(1+004 E) [1 +0.1(1 — cos cp)z] [0‘97 +0.03 (;) } (D24)

The functions g4, g5, and f,, are given by equations (D11)-(D13), respectively, and fo is given by equa-
tion (D14). For afc > 1,

M = (2)1/2 (1 + 0'246) (D25)
My =02 (2)4 (D26)
My = —0.11 (2)4 (D27)

=1+ 2 [0.1 +0.2 (%)2} (1 —sinp)? - 0.16 (-“tf) gsincpcosga+0.07 (1- %) (1 - %) cos?p  (D28)

g3 = (1.13 - %) [1 +0.1(1 - coscp)ﬂ [0.97 +0.03 (%)1/4] (D29)

The functions g; and A are given by equations (D22) and (D23), g4 by equation (D11), g5 by equation (D12),
Jw by equation (D13), and f, by equation (D16).

Through Crack at a Semicircular Notch

When the surface-crack length 2a reaches 2t or when the corner-crack length a reaches t, the crack is
assumed to be a through crack of length c¢. The stress intensity factors for a through crack emanating from
a semicircular notch subjected to remote uniform stress or displacement are presented in appendix C. (See

eq. (C11).)
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Appendix E

Specimen Machining and Polishing
Procedures

Specimen Machining Procedures

The specimen blanks for the small-crack SENT
and large-crack CCT specimens were sheared from
aluminum alloy sheets (about 1200 mm by 2400 mm
by supplied thickness) according to a shearing layout
diagram. The long dimension of the specimens was
parallel to the rolling direction {long dimension of
the sheet). Each specimen blank was labeled by
a number with an ink marker at the end so that
reference could be made to the specimen location in
the sheet in case of questions concerning uniformity
of properties. Each sheet produced 105 SENT and
30 CCT specimens for each alloy.

The SENT specimens were milled to final overall

dimensions (50 mm wide by 300 mm long by supplied
thickness) as shown in figure El(a).
straightest or most flat specimens were selected and
reserved for alignment specimens. (See appendix F.)
In the remaining specimens, the semicircular notch
was milled by final cuts of 0.25, 0.10, and 0.05 mm
with a newly sharpened tool to achieve a final radius
of 3.2 mm; this milling sequence was designed to

minimize residual stresses in the notch. Then a hole
of 10 mm radius was punched or drilled in the grip

area at each end as shown in figure E1 to hold the
SENT specimens in friction grips. Note that the hole
was oversized for the bolts used and was positioned
such that the bolt would not bear on the edge of the
hole.

The CCT specimens were milled to final dimen-
sions (75 mm wide by 300 mm long by supplied thick-
ness) as shown in figure E1(b). The notches and
holes in the grip area were necessary for the NASA-
designed friction grips. A specimen number was in-
scribed into the specimen surface at each end. The
details of the crack-starter notch machined in each
specimen were left to each laboratory. NASA used
the electrical discharge machining (EDM) process to
form a central slot 5 mm long and 0.5 mm high.

Chemical Polishing Procedures

Chemical polishing of the SENT specimens was
necessary to smooth machining marks on the semi-

circular notch surface and to debur the edges of the

notch. This process also provides further assurance
that no significant residual stresses remained at the
notch root. Some of the specimens were weighed be-
fore and after polishing to monitor material removal.

Six of the

A layer of material approximately 0.02 mm thick was
removed by the polishing process.

To prepare them for polishing, the inked specimen
number was removed with acetone and the specimen
number was scribed at each end of the specimen.
Next, the specimens were put into a DuPont Freon
vapor degreaser for 10 minutes, were soaked in a
detergent cleaner for 10 minutes, and finally were
thoroughly rinsed in water.

To facilitate the polishing process, a specially
designed polishing rack and tank were constructed to
support a batch of 10 specimens. The rack and tank
were fabricated from 347 stainless steel sheet and
304 stainless steel threaded rods. Ten specimens were
positioned in the rack with the semicircular notches
pointing toward the upper surface of the solution.
All steps in the cleaning and polishing sequence were
performed with the specimens in the rack. About
23.5 liters of solution was used in this tank with the
rack described above.

The polishing process must be performed under
a fume hood capable of handling the noxious fumes
produced, especially when the specimen rack must
be lifted from the polishing solution tank. The
composition of the polishing solution is as follows:

80 percent H3POy4
5 percent HNOj Nitric acid
5 percent CH3CO9H  Acetic acid

10 percent HyO Water

Phosphoric acid

The solution was stirred and maintained between
100° and 105°C. Specimens were submerged in the
solution for 5 minutes, then they were agitated to
permit easy removal of gaseous reaction products
from the specimen surface.

The solution was covered when not in use as the
water, nitric acid, and acetic acid can evaporate. If
the solution were to become chemically unbalanced,
the specimens would be pitted and dull rather than
bright and the material removal rates would be re-
duced. The balance may be returned to the solution
by the addition of water, nitric acid, and acetic acid
in a 2:1:1 ratio, as in the original formulation, until
the original solution volume is achieved.

After polishing, the specimens were rinsed in
water. A reddish cast was evident on the speci-
men surface from a copper-rich layer. This residue
was removed when the specimens were dipped in a
desmutting solution of 10 percent nitric acid by vol-
ume in water for 20 seconds. The specimens were
again rinsed in water, then alcohol; thereafter, they
were air dried. Specimens were wrapped in paper
individually for storage or shipment.
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Figure E1. Specimen dimensions for small- and large-crack tests. Linear dimensions are in millimeters.
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Appendix F

Specimen Gripping and Alignment
Procedures

Specimen Grips

This appendix describes the specimen grips and
alignment procedures that were used in the coopera-
tive program. The particular set of grips was chosen
simply because of past satisfactory experience with
them during tests of 2- to 3-mm-thick specimens at
loads to 30 kN. Many other methods of gripping the
specimens would probably have been equally satisfac-
tory. The following paragraphs give a brief descrip-
tion of the grips and of the procedures developed to
help ensure uniform loading on the SENT and CCT
specimens.

The grips were designed to transfer load to the
specimens by friction only. They consisted of a sin-
gle block of steel, machined into a yoke with two flat
surfaces. Each leg of the yoke had a reduced section
that gave the leg enough flexibility that the bolts
through the yokes and specimen could maintain suf-
ficient pressure to grip the specimen. The specimens
were placed between these two flat surfaces with var-
ious shims on both sides to ensure placement along
the center plane of the grips. Most of the shims were
metal, although the shims that bore against the spec-
imen were normally made from reinforced phenolic
plastic (generally between 0.5 to 2 mm thick). How-
ever, other plastics and even brass metal have been
used successfully. The sum of the thicknesses of all
shims was such that a gap of only about 0.1 to 0.2 mm
remained on each side before the bolts were tightened

- readings were taken at all gages.

to clamp the specimens in place. In addition to the
single bolt through the specimens, four other bolts,
two on each side, were also used in each grip. Care
was taken so that neither of the central bolts bore
on the holes in the specimens because this pressure
could cause specimen failure in the grip area. The
goal was to transfer all load from the grips to the
specimen by friction.

Specimen Alignment Procedures

Each laboratory was required to align the test
machines and gripping fixtures to produce a nearly
uniform tensile stress field on a blank (unnotched)
sheet specimen. The blank specimens (50 mm wide
by 300 mm long by supplied thickness) were tested
by strain gages as shown in figure F1. Strain gage
The alignment
verification procedures are as follows:

1. Zero all strain gage circuit outputs before in-
stalling the specimens in the test machine.

2. Install the specimens in the machine and read all
strain gages at 0, 5, 10, 15, and 20 kN.

3. Remove the specimens from the machine, rotate
the specimens 180° about the long axis, and
install them in the new orientation. Read all
strain gages at the same loads as in step 2.

4. Compute the measures of bending strain as in-
dicated in table FI and compare these computed
values with the acceptance criteria. If the spec-
imen bending strains are too large, adjust the
test machine alignment and repeat the alignment
check procedure.

Table FI. Bending Measures and Acceptance Criteria for Alignment Check

Bending measure and computation formula for—

First position

Rotated position

Acceptance criterion

erm = [(e1 + €3 + €5) — (€2 + €4 + €6)]/6
ey = (e7 — €8)/2
ETL = (Eg - 610)/2

ew1 = [{e1 + €2) — (e3 + €4)]]

ews = AeinfAezy

+ [(e2 + ea + €5) — (e1 + €3 + €5)]/6
+ (e —€7)/2
+ (€10 — €9)/2

ew1 = |[(e1 + €2) — (e3 + eq)]]

ewe = Aerz/Aezy

lerm| < T5pe
lery] < 150ue
leTu] < 150€

lew1! < 200ue

0.95 < ey2 < 1.05
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where
€17€10

€T™M

€TU

€TL
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individual strain gage readings

average through-the-thickness
strain difference at midlength

gage

average through-the-thickness
strain difference at upper gage

average through-the-thickness
strain difference at lower gage
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4
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Long axis

(a) Front view.

W1 across-width strain difference
at midlength gage

EWa across-width strain difference
at midlength gage

Aeyg = (€1 + €2)20 kN — (€1 + €2)0 kN

Aezq = (€3 + €4)20 kN — (€3 + €4)0 1N

Direction of strain

measurement

Grip line

Strain gage 7] [s

3.5,1| 14,62

Grip line

Thickness —» |e—

(b) Side view.

Figure F1. Location of strain gages on unnotched specimen used for alignment check.



Appendix G

Method of Recording Small- and
Large-Crack Data

Small-Crack Data

Lengths of small cracks in the SENT speci-
mens were measured by means of the plastic-replica
method. (See appendix H.) The data from each

small-crack test were recorded on a data table and

on a diagram of the notch root, as shown by the
sample case in figure G1. (Note that the sample data
charts and tables in this appendix are not actual data
but are for illustration purposes only.) This chart
gave the location and length of each crack monitored
and the initiation site. The data table (see the sam-
ple case in table GI) was constructed from the data
charts and included specimen number, dimensions,

type and magnitude of loading, crack initiation site _

coordinates, and L; against number of cycles for up
to five cracks (usually the largest and most dominant

ones). The cyclic interval (in this example, 10000 cy-

cles) was determined by the frequency of the plastic
replicas that were taken; that interval was selected

to give about 25 replicas per test.

Table GI gives a sample data table for a small-
crack test for constant-amplitude loading. Figure G1
shows the corresponding data chart. Only one data
chart was required for each specimen; it was plotted

on graph paper graduated in 10-pum units and covers
the specimen thickness in the z-direction and 1 mm

of the notch root in the y-direction. This example
shows how the data chart appears when 50 000 cycles
have been applied to a specimen. (A copy of the data
chart was made before it was updated after the next
cyclic interval. Thus, a history of crack initiation
and growth was available for further analysis.) The
dots indicate the approximate initiation site for each
crack, the coordinates of which were also recorded.
Cracks L; and Ly have joined and their total depth
is now L;. (See fig. G1 at 50000 cycles.) Crack 6

has initiated, but its location and length do not have
to be recorded. The test was terminated when L;
reached B. As indicated in table GI, cracks Ly and
L3 have joined at 80000 cycles and the test was
terminated (L1 = B).

Large-Crack Data

Three types of large-crack tests were conducted
in the test program: constant-amplitude loading,
threshold or load shedding, and spectrum loading.
The data from each of these tests were recorded
on a data table that gives the specimen number;
dimensions; type and magnitude of loading; and
lists the maximum stress, crack length (L), number
of cycles, and pertinent comments about the test.
Table GII gives an example of constant-amplitude
fatigue loading with a static fracture test (pull to
failure) to terminate the test. (Only three of the
nine constant-amplitude fatigue tests were pulled to
failure with L. = 0.5w.) The failure stress was

recorded on the table. The comment column is used

to indicate changes in the test procedure, such as
stopping the fatigue test and pulling the specimen to
failure.

Table GIII gives an example of a threshold test
at R = —1. The level Smax was reduced by 6 percent
after 1 mm of crack extension. The crack was grown
about 2 mm from each end of the starter notch before
the load-reduction procedure was initiated.

"‘Table GIV gives an example of a Mini-TWIST
spectrum test at a maximum spectrum stress of
210 MPa. The precracking from the starter notch
was conducted for constant-amplitude fatigue load-
ing with Spax = 50 percent of the maximum spec-
trum stress (210 MPa in this example) at R = 0.
The crack was grown about 2 mm from each end of

_the starter notch before the spectrum loading was

applied. The specimen was then cycled to failure in
spectrum loading. Crack depth and total cycles were
recorded after every 1 mm of crack extension.
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Figure G1. Sample data chart for small-crack test B101 at N = 50000 cycles. See table GI.
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a.

Table GI. Sample Data Table for Small-Crack Tests

Small-Crack Data Table

Specimen Number: __B101 Page _1 of _1
Width: _ 50.0__ mm Thickness: __2.3 mm Notch radius: _ 3.2 _mm
Loading: __Constant amplitude Smax = __ 205 MPa R=_-1
Crack-Initiation Coordinates, mm:

i= 1 2 3 4 5

T = 0.40 0.70 1.90 1.00 2.30

y= 0.80 0.82 0.85 0.55 0.40

Cycles Crack Depth (L;), mm

i=1 2 3 4 5

10000 0.010 0.008

20000 .015 .012 0.010 0.008

30000 .050 .030 .020 0.010 .018

40000 .200 .100 .060 .050 .070

50000 .610 2[1] 210 .150 .280

60 000 950 510 .300 420

70000 1.61 .900 .580 750

80 000 52.30 1 .800 1.25

Indicates crack 2 has joined crack 1 and combined length is given in column 1.
bTest terminated when L; = B.
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Table GII. Sample Data Table for Large-Crack (CCT) Constant- Amplitude

Fatigue and Static Fracture Tests

Large-Crack Data Table

Specimen Number: _ B614 Page_ 1 of 1
Width: _ 75.0  mm Thickness: __ 2.3 mm
Loading: _ Constant amplitude Smax = 175 MPa R=_205
Smax, MPa Cycles L, mm Comments
175 0 5.00
15000 5.10
30000 5.27
40000 5.53
175500 20.50
194 300 25.30
175 215300 37.50 Stopped test
248.3 37.50 Pulled to failure



Table GIII. Sample Data Table for Large-Crack (CCT) Threshold Test

Large-Crack Data Table

Specimen Number: __B601 Page _1 of_ 2
Width: _ 75.0 mm Thickness: _ 2.3 mm
Loading: _ Threshold test Smax =_ ---_MPa R=_-1
Smax, MPa Cycles L, mm Comments
100 0 5.03 Precracking
100 12000 6.07
100 25000 7.18
100 34 500 9.00
94 57 000 10.00 Load reduction
88.4 67 000 11.00
47.6 1207000 21.00

(Test continued)
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Table GIV. Sample Data Table for Large-Crack (CCT) Spectrum Test

Large-Crack Data Table

Specimen Number: Page _ 1 of 1
Width: _75.0 mm Thickness: _ 2.3 mm
Loading: _ Mini-TWIST Smax = 210 MPa R=_---
Smax, MPa Cycles L, mm Comments
2105 0 5.02 Fatigue precracking
105 5000 5.05
105 10000 6.13
105 12000 9.00
210 0 b9.00 Spectrum applied
210 20000 10.00
210 35000 11.02
7 210 87650 20.20
87870 Specimen failed

@S max = 50 percent of maximum spectrum stress and R = 0.

bRecord measurements at about every l-mm increment.
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Appendix H
Plastic-Replica Method

The standard method of recording small-crack
data at the notch root of the SENT specimens was
the plastic-replica method. A replica of the notch
surface was made after each cyclic interval. The
cyclic interval was selected so that about 25 to
30 replicas are taken during a test. At each cyclic
interval, a specimen was held at constant applied
stress while the replica was taken. This stress level
is defined later for constant-amplitude and spectrum
loading. Replicas were examined for crack-length
measurements by either a scanning electron or op-
tical microscope.

Before each replica was made, the notch sur-
face was cleaned with acetone (applied with a cot-
ton swab). The acetyl cellulose replica film (about
0.08 mm thick and cut into pieces about 7 mm by
25 mm) was held in place loosely against the notch
surface by a rod that was slightly less than the diam-
eter of the notch. The replica film was centered over
the notch with the long dimension of the film lying
along the circumference of the notch. A few drops
of acetone were allowed to flow between the film and
the notch surface. The film was then touched lightly
to the specimen surface where it adhered and was
left to dry for at least 5 minutes. (Best results were
achieved by applying the minimum pressure neces-
sary to cause adherence.) While the replica was in
place on the specimen, the replica was inspected with
a low-power microscope for bubbles and other arti-
facts. Any defective replica, such as one containing
bubbles, was discarded and a new replica was made.
When dry, the replica was removed from the speci-
men; this was accomplished by grasping the film at
one end with tweezers and peeling slowly (peel from
top of notch to bottom of notch or vice versa). One of
the top corners of the finished replica film was clipped
away with scissors to aid in orienting the replica for
analysis. Each replica was stored in a container that
was labeled with the specimen number and the num-
ber of cycles accumulated.

Constant Amplitude Loading

Replicas were made at each cyclic interval while
the specimen was held at S = 0.8Smax. This stress
was selected to ensure that any cracks present would
be open and, therefore, would leave a clear trace
on the replica. Because the stress level was below
the maximum stress level, crack growth should not
have been affected by the replica process. Previous
tests on 2024-T3 aluminum alloy (ref. 30) have shown
no significant effect on fatigue life among specimens
where replicas were or were not taken. (During

small-crack tests on the 7075-T6 aluminum alloy,
the replica process did affect the fatigue life and,
probably, the growth behavior of the small cracks.
These results are discussed in sec. 6.1.)

Spectrum Loading (Mini-TWIST)

For spectrum loading, replicas were made while
the loading was being held at one of the peak levels
in the spectrum. The spectrum-loading software
was written so that after a prescribed period, the
loading stopped and held at the next occurrence
of the selected peak level. The spectrum loading
continued from the point of interruption after the
replica was made. For the Mini-TWIST spectrum,
load level number VIII (see fig. 2 in ref. 26) was
selected for taking replicas. This level corresponds
to 59 percent of the maximum load in the spectrum
and it occurs in flights 1 and 2001 of the 4000-flight-
sequence loading.

Replica Analysis

For observation in the SEM, replicas were gripped
at each end in a sample holder and coated with a
thin layer of sputtered metal such as Cr or Au-Pd.
The electron beam energy of the SEM was lowered to
10 keV to minimize damage to the replica from heat-
ing. Even so, at magnifications above 1000 times, the
beam should not be focused on one area for extended
periods or thermal damage will result. Analysis of
the replicas from the last replica to those made early
in life permitted easy location of the crack(s). Pat-
terns in the grain structure and inclusion particles
were used to locate the crack on the earlier replicas.

Occasionally a replica was twisted or had an
unusually large curvature, which made crack length
measurements less accurate. For this reason, the
position of the crack tip from each replica should
be marked on a montage of photographs taken (at
high magnification) of the crack when it was large.
This method required photographs only of the crack
tip area rather than of the entire crack on many of
the replicas. Careful calibration of the magnification
of the SEM was required for accurate crack length
measurements.

For observation in an optical microscope, the
replicas may be coated with metal. If the replicas
are not coated, then both faces of the replica will
be observed under the microscope. A slight bubble
pattern may be observed on the face opposite that
containing the crack impression. It was still possible
to obtain crack length information from an uncoated
replica because the image of the bubble pattern
was slightly out of focus when the crack image was

sharply focused.
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